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Abstract 
Phosphonates are phosphorus compounds with a P(III) oxidation state and for that 
reason are often referred to as reduced phosphorus compounds. These classes of 
compounds are important from the environmental point of view; however, the 
information about their analysis and monitoring in the environment is often limited. 
This is due to lack of a suitable analytical method or these methods which could 
be used to analyse them are out of reach for those who are most in need. The 
work presented in this thesis was aimed at developing a cost effective alternative 
to current expensive methods. 
In this study, three different flow injection techniques have been developed for the 
direct determination of phosphonates, (glyphosate, its degradation product 
aminomethylphosphonic acid AMPA, inorganic phosphonate and orthophosphate). 
These techniques employed Spectrophotometric, Electrochemical (EC), and 
Electrogenerated chemiluminescence (ECL) detection systems. Both the 
spectrophotometric and the EC methods used the molybdenum blue chemistry 
while the ECL technique used Ru(pby)32+. The spectrophotometric method was 
successfully applied to all four analytes and the EC method was developed for 
inorganic phosphonate and orthophosphate. However, glyphosate and AMPA was 
not found to be electro-active under the experimental conditions tested. Since 
these two phosphonates (glyphosate and AMPA) contain an amine group an ECL 
technique was successfully developed using Ru(pby)32+. 
An optimisation procedure was used to determine suitable reaction conditions, 
which would allow the determination of each analyte in a relatively short period of 
time. 
The criteria for the performance of a particular technique were formulated in terms 
of signal, peak height, baseline noise, and linearity of the calibration curve. This 
was achieved by evaluating each reagent and the pH used for analysis of each 
analyte/s.  
For the spectrophotometric and EC techniques an optimum colour development 
was found to occur at [Mo(VI)] / [H+] ratios of 41  and 100 at pH 0.08 and 0.30 
respectively.  
vii 
 
Attempts made to discriminate between PO43- and PO33- by changing pH were 
unsuccessful. However, varying Mo(VI) concentration showed that orthophosphate 
was only detectable at lower Mo(VI) concentrations, whereas phosphonates were 
only detectable at Mo(VI) greater than 15mM-Mo(VI). This indicated great potential 
to discriminate between phosphonates and phosphate. In this regard a mixture of 
inorganic phosphonates and orthophosphate in artificial creek water was analysed, 
using two different Mo(VI) concentrations with FIA-EC method. The percent 
recovery was 106 and 79 for inorganic phosphonate and orthophosphate 
respectively. 
Apart from the method development, degradation of these P-species under 
artificial UV light and natural sunlight was investigated. The effect of the pH and 
the presence of iron(II) was also evaluated. It was found that these P-species are 
susceptible to photodegradation under certain conditions. The rate of degradation 
depends on the analyte, pH of the solution and presence of iron. The pH plays a 
major role in the photodegradation of these pesticides and the presence of iron(II) 
also enhanced the degradation at some pHs while inhibiting it at others. Samples 
were analysed between 3 to 14 days time periods with 31P NMR spectroscopy. 
The appearance of new P-species and disappearance of the original P-species 
were monitored over the period of the experiment.  
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1 
1 Introduction 
Fundamental knowledge of phosphorus chemistry is very important in order fully to 
understand the fate, behaviour and the effect of phosphorus compounds in the 
environment, soil, sediment and water. This is the key to solving environmental 
problems including eutrophication, and plant and animal nutrition. 
Phosphorus is known to exhibit at least seven oxidation states, including (-3) 
phosphides, (-2) diphosphide, (-0.5) tetraphosphaides, (0) elemental phosphorus, 
(+1) hypophosphite, (+3) phosphonate(aka phosphite)  and (+5) phosphate.  
The three primary types of phosphorus compounds of particular interest for the 
environment are organic phosphorus assimilated into living organisms, particulate 
forms found in rocks and sediments, and various forms of inorganic dissolved 
reactive phosphorus (DRP). Typically, DRP was believed to be fully oxidised 
(pentavalent oxidation state (V), such as H2PO-4 ,HPO2-4) (Corbridge, 2000). 
Nevertheless, the true understanding of the extent of the effect of phosphorus 
species in the environment requires not only pentavalent (V) oxidation state of 
phosphorus, but expanded knowledge of all its oxidation states. 
Much research has been conducted to provide information about how some P-
species cycle in the environment. However, researchers in the relevant fields such 
as environmental (analysis, engineering), soil testing and aqueous corrosion nearly 
always assume that phosphorus in the environment is exclusively in the P(V) 
oxidation state.  
 2
Phosphorus species with oxidation states lower than P(V) are known as reduced 
phosphorus. It has been shown in numerous studies that lower oxidation states of 
phosphorus compounds are equally environmentally important, particularly trivalent 
inorganic and organic phosphorus such as the fungicide inorganic phosphonate (aka 
phosphite), phosphorous acid oxyanions, H2PO-3 , H2PO2-3 and the herbicide 
glyphosate and its metabolite aminomethylphosphonic acid(AMPA) (Hanrahan et al., 
2005, Morton and Edwards, 2005, Rickard, 2000, Constantine and Konidari, 2001, 
Cerdeira et al., 2007). 
Large quantities of reduced phosphorus compounds are used in many applications 
such feeds, detergent, water softeners, surface treatment, gasoline additives, 
pesticides and other applications. About (1%) (Griffith et al., 1973a) of these 
applications are phosphorus pesticides, such as inorganic phosphonate and 
glyphosate. Inorganic phosphonate is also used as fertilizer as an indirect source of 
phosphorus to plants, and as a fumigant because of its toxicity to insects at relatively 
low concentrations (Dumas, 1980). In the case where it is used as fertilizer, it is 
believed that the oxidation of phosphonate to phosphate by soil bacteria makes this 
compound available to higher plants (McDonald et al., 2001a, Rickard, 2000, Morton 
and Edwards, 2005). 
The widespread application of inorganic phosphonate as a control agent for dieback 
suggests that the contribution of this compound to the P load of soil and water 
systems will be significant. 
These reduced P compounds, after application, are often exposed to surface waters. 
The reactions between water and various pesticides (inorganic phosphonate, 
glyphosate and its metabolite AMPA) are very important since they play a major role 
in the fate and future of phosphorus pesticides. It is well established that the 
herbicide glyphosate is tightly bound to soil and sediment particles. The adsorption 
of glyphosate increases strongly with increasing iron and aluminum content of the 
soils and decreases with increasing soil organic matter (Gerritse et al., 1996). 
The first evidence of its influence on soils was reported by Piccolo et (1994) who 
showed that  glyphosate mainly interacted with iron and aluminum hydroxides.  
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The presence of phosphate in the soil led to an increased competition with 
glyphosate for the sorption sites, thereby reducing the adsorption of glyphosate 
(Sprankle et al., 1975a, Sprankle et al., 1975b). Several subsequent studies have 
confirmed the competitive sorption of glyphosate and phosphate as well as its 
adsorption properties to various soils. (Hubert de Jonge and Lis Wollesen de Jonge, 
1999, Wang et al., 2005b, Zhao et al., 2009, Gimsing and Borggaard, 2002, Dion et 
al., 2001). 
Despite relatively strong adsorption in soils, mobility of both glyphosate and (AMPA) 
has been demonstrated in clay soils (Piccolo et al., 1994), in gravel (Borjesson and 
Torstensson, 2000), and on asphalt surfaces (Ramwell et al., 2002). 
The major concern is that a decrease in glyphosate sorption on phosphate enriched 
soils may lead to an increased risk of glyphosate leaching into the aquatic 
environment, and that the degradation of unbound glyphosate is much faster than 
that of the bound herbicide. This could lead to the increase of phosphate in the water 
body, which in turn increases the risk of eutrophication. 
The first report about the leaching study of glyphosate was published by Kjaer et al 
(2003, 2005), in which glyphosate was found in the drainage water during the 
monitoring period of two years with an average concentration of 0.13 μg / L. The 
glyphosate found in drainage water after two weeks of application showed a 
maximum concentration value of 1.9 μg / L. In this study glyphosate was also 
detected in the groundwater with concentration 0.1 μg / L. A summary of analytical 
detection of glyphosate in groundwater of 16 States in the USA was published in the 
2003 report of the USEPA (2003). 
Increased risk of glyphosate leaching may also occur from the soils with high 
hydraulic conductivity if glyphosate is applied immediately before a heavy rain, even 
though  the soil has considerable glyphosate sorption capacity (Gimsing and 
Borggaard, 2002, Laitinen et al., 2009). 
The occurrence of glyphosate in drainage water does not necessarily mean leaching 
to groundwater, because deeper soil layers may sorb and even degrade the 
herbicide before it reaches the groundwater, as is also indicated by rarely reported 
occurrences of glyphosate in groundwater. However, dissolved and suspended 
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glyphosate in drainage water will run into surface waters together with glyphosate 
transported by surface runoff (presumably resembling overland phosphate runoff), 
but very little information is available on this transport or on its influence on surface 
water quality. However, the long term use of these two types of phosphonates 
(glyphosate and inorganic phosphonates) as a herbicide and fungicide respectively, 
can lead to pesticide pollution of natural waters and soils, especially in the areas with 
a shallow groundwater. Nevertheless, the exposure to the sunlight irradiation of 
these pesticides in the surface waters and top layers of the soil seems to be 
overlooked and the only information available in the literature is that of phosphate 
species. If the effect of the UV light is to cleave the H-P and C-P bonds in the 
phosphonates to produce orthophosphate, then the risk of these compounds 
contributing to DRP in the natural environment might be significant 
The objectives of the research reported in this thesis were to contribute to the data 
available for phosphonate pesticides, with particular emphasis given to the herbicide 
glyphosate, its main degradation product AMPA, inorganic phosphonate and their 
final degradation product in the environment, orthophosphate. The information 
sought in this project was to find a simple analytical method (s) for the direct 
determination of these phosphonates in the natural water samples, and then 
evaluate the effect of ultraviolet / sunlight exposure to these compounds in the water.  
1.1 Aims and objectives of this thesis 
The aims and objectives of the research project reported in this thesis were to find a 
suitable analytical technique(s) for the direct determination of the above mentioned 
phosphonates. The analytical method (s) must be simple, robust, cost effective and 
easily accessible to those most in need. An ideal instrument would have a robust 
detection system with the potential for automating sampling, and capable of 
detecting the analyte of interest, at the levels required without extensive pre-
treatments.  A flow injection analysis (FIA) system was chosen as the best option 
available that can exhibit the above characteristics. A number of detection systems 
(spectrophotometric, electrochemical, EC and electro-generated chemiluminescence 
ECL) were considered for incorporation into an FIA system in order to achieve the 
detection limit and selectivity desired for the analysis. 
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It was necessary to find the chemistry and reaction conditions that would determine 
the analytes with type of instrument described. Acidic molybdate reacts with 
phosphorus oxo-anions in solution to form a yellow complex (West-Knights, 1880, 
Fiske and Subbarow, 1925), which could be used for the spectrophotometric 
determination of the analytes. This complexation with oxo-anions is pH dependent 
and in an FIA system, could be exploited to differentiate between phosphorus oxo-
anions, particularly phosphate, which is main interfering species in the analysis of 
phosphonates (Himeno et al., 1997, Himeno et al., 1990a). 
Another complexing agent which could achieve the aims and objectives was found to 
be tris(2,2’-bipyridyl)ruthenium(II)  Ru(bpy)32+. The Ru(bpy)32+  is oxidised at an 
electrode surface to yield  Ru(bpy)33+ , which then reacts with analytes to produce  
light. This is known as electrogenerated chemiluminescence (ECL). An important 
class of compounds that can be detected using Ru(bpy)32+   ECL are the amine 
containing compounds. Glyphosate and AMPA are classified as such compounds. 
These two applications are discussed in detail in their respective chapters of this 
thesis. 
The specific objectives of this project were to: 
Design and develop a portable FIA instrument, which could be used for on-site 
monitoring of phosphonates 
Investigate the effect of ultraviolet exposure on these phosphonates and to 
determine whether these compounds degrade to orthophosphate, which in turn 
contribute to environmental problems, such as eutrophication. 
1.2 The outline of thesis 
The structure of this thesis is as follows: 
Chapter 2 presents a literature review of the topics relevant with this research, first 
starting a historical survey of elemental phosphorus and its compounds, which is 
then followed by the most commonly used environmental phosphorus compounds, 
such as pesticides. A detailed account is given on the application of pesticides 
especially glyphosate, AMPA and inorganic phosphonate and the trends in their 
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applications over the years. The environmental degradation of these compounds and 
analytical methods, instrumentation and the detection systems, developed to monitor 
their impact to the environment are also discussed in this chapter. 
Chapter 3 presents the ultraviolet degradation products of the phosphonates of 
interest, glyphosate, AMPA and inorganic phosphonate. The UV sources used were 
both natural sunlight (an outdoor experiment) and mercury lamps in the laboratory. 
Chapter 4 describes the development of spectrophotometric method developed for 
the direct determination of phosphonates. This method utilizes molybdate blue 
chemistry; the conditions were optimised for each reagent using a batch mode 
method, then directly adapted for the FIA system. 
Chapter 5 describes the electrochemical detection technique for inorganic 
phosphonate and orthophosphate with molybdate chemistry. This method uses an 
organic solvent to stabilize the molybdenum-phosphorus complex which is then 
reduced on the electrode surface to molybdate blue. It was shown that these P-
species could be differentiated by varying the molybdate reagent concentration. 
Chapter 6 reports the results of an FIA electro-chemiluminescence ECL detection 
method. This method was used to analyse glyphosate and AMPA, because these 
two compounds have amine groups, glyphosate and AMPA. tris(2,2’-
bipyridyl)ruthenium(II)  (Ru(bpy)32+) was used for the detection of these analytes. 
Chapter 7 presents conclusions and the recommendations with some advice of the 
future directions. 
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2 
2 Literature Review 
2.1 Phosphorus 
Phosphorus, with the chemical symbol P, is named from the Greek word 
“phosphors” meaning “, light (???) bearing (?????).”  
Phosphorus was the first element to be attributed to a known human being for its 
discovery, when a very poor German merchant (Hannig Brand) isolated 
phosphorus in 1669 in an attempt to convert base metals to gold in an alchemical 
experiment with urine. The name phosphorus was first applied to all substances 
which glowed in the dark, but was later restricted to this element. 
Soon after the discovery of phosphorus, the uses and characterisation of its 
compounds multiplied. Initially it received good publicity when its primary 
combustion product was first characterised (phosphorus pentoxide), and later as 
the backbone of the molecule of life, DNA.  
Phosphorus has been equally considered a villain in the history of mankind by 
forming some of the most toxic chemicals known, organophosphates, which have 
been used as pesticides and in chemical warfare such as nerve gas, leaving a 
legacy of severe contamination. Between these extremes lie a whole host of other 
applications of phosphorus. 
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Figure 2-1 A painting by Joseph Wright (1734-1797) showing a contemporary picture of 
an alchemist working with phosphorus. (Courtesy Fisher Scientific Co.) 
In parallel with the expansion of pure knowledge of the chemistry of phosphorus 
there has been an increase in both the diversity and volume of applications of 
phosphorus compounds, with known phosphorus compounds now exceeding over 
100,000 (Corbridge, 2000). Table 2-1 indicates some phosphorus compounds and 
their present field of application. 
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Table 2-1: Some of the commercial available phosphorus compounds and their fields of 
applications. 
Field  Phosphorus compounds Applications 
Food industry H3PO4, Ca3(PO4)2 
CaHPO4; Ca(H2PO4)2; 
Na3H15Al2(PO4)8 
Na2HPO4H2O; Na2HPO4 
Carbonated beverages; nutritional 
supplements; leavening agents; 
cheese; emulsifiers; curing agents 
Pharmaceutical 
industry 
Ca3(PO4)2·2H2O Improves stability, appearance, 
dissolution of tablets. 
Dentistry CaHPO4·H2O Polishing agents in toothpaste. 
Agriculture  Ca(H2PO4)2; PH3 Improves plant growth; fumigation 
Metal and paint 
industries 
Na, Mn, Zn, Fe, 
phosphates; H3PO4 
Prevents paints from peeling or 
blistering; cleaning; polishing. 
Manufacturing NaxHxPO4; 
H2CONH2·H3PO4; organic 
phosphonates and 
phosphates 
Clothing treatments; plastic 
treatments, cleaning agents 
Pesticides, soaps and fertilizers 
 
2.1.1 Chemical properties 
As noted earlier in chapter one phosphorus exhibits a range of oxidation states 
such as those found in phosphides (-3), diphosphides (-2), tetra-phosphides (-0.5), 
elemental phosphorus (0), hypophosphite (+1), phosphite which is also known as 
(phosphonate) (+3) and phosphate (+5).  
As a result of that wide range of oxidation states, phosphorus can react with a 
large number of other elements. It can be oxidised easily by non-metals such as 
oxygen, sulphur, and halides, to form compounds such as P2O5, P2S5, and PCl3. It 
is also reduced by metals to generate phosphides which can be classified 
according to their coordination number as  
i. metal rich 
ii. monophosphide 
iii. phosphorus rich, and 
iv. ionic phosphorus. 
The manufacture of high purity phosphorus (mostly recovered from phosphorus-
rich ore into commercial phosphorus compounds) is accomplished by either a 
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thermal process which yields the elemental phosphorus or a wet conventional 
process which generates phosphoric acid. The chemical reactions are as follows. 
Thermal 
2 Ca5F(PO4)3 + 9SiO2 + 15C                       9CaSiO3 + CaF2 + 15CO (g) + 3P2 (g)    (1)
 
Wet process 
2 Ca5F(PO4)2 + 9H2SO4                          9CaSO4 + 4H3PO4 + CaF2 + 3H2 (g)   (2)
 
The vast majority of the phosphorus compounds are covalent in nature with the 
3p3 electrons being shared and the 3s2 electrons existing as a lone pair in the 
trivalent compounds, or all the electrons involved in bonding for pentavalency. 
If three coordinate compounds were formed simply using p-orbitals, the 
substituents could be found at 90º to each other. It has been reported that the 
value of the angle between the substituents may vary from 87º to 212º(Tolman, 
1977). This is indicated below where the symbol L is the nearest neighbour atom 
donating one electron.  
 
 
Figure 2-2: Tolman’s cone angle 
The steric effect of the constituent forces this angle to increase, and as 
consequence, the amount of s character in the bonds increases with a 
corresponding increase in p character for the orbital occupied by the lone electrons 
(Tolman, 1977). These changes manifest themselves in the chemical shift of the 
phosphorus nucleus, which is signal frequency that is detected in the nuclear 
magnetic resonance (NMR) spectroscopy (see section 2.2.4 in this chapter).  
L L 
L 
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2.2 Phosphorus in the environment  
Phosphorus is the 11th most abundant element. The earth’s crust contains about 
1,200mg Pkg-1. It forms only about 0.1% of rocks that make up the bulk of Earth’s 
crust (Wazer, 1961) and therefore geochemically is classed as a trace element. 
Nevertheless, phosphorus is known as a rock forming element, both in sense that 
it is constituent of most rocks and in the sense that some rocks are composed 
chiefly of phosphorus bearing minerals such as apatite (chloro, fluoro) 
(Ca5(PO4)3[F, OH, Cl]) and phosphorites (Budavari, 1989, McClellan and Lehr, 
1969, Altschuler et al., 1958). These minerals are the source of much of the 
phosphorus used to produce fertilisers, detergents, pesticides as listed in Table 
2-1. 
The availability of phosphorus is controlled by physical and chemical reactions 
including pH, Eh, sorption/desorption, precipitation/dissolution and biological 
process such as immobilization (uptake by the plants and microorganisms) and by 
mineralization (decomposition of residues).  
The slow transformation of phosphorus through solid state diffusion into the matrix 
of the sorbent, reduces its solubility, sometimes to such a degree that the amount 
and the rate of release is so slow that the availability of phosphorus is ecologically 
insignificant (Griffith et al., 1973b). 
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Figure 2-3: Schematic presentation of environmental phosphorus cycle  labile, and fixed 
pools of phosphorus and relative behaviour of organic and inorganic phosphorus pools in 
the phases of the environment.  
However, over time, phosphates become available to organisms with a very slow 
turnover rate  as restricted by diagenesis  (Pierrou, 1979, Duley, 2001). As result 
of this slow process, phosphorus is frequently a limiting nutrient in freshwaters, 
coastal, and estuarine aquatic systems.  
The Environmental 
Phosphorus Cycle 
Soil solution  
Phosphorus 
HPO4-2 , H2PO4-1 
H3PO3 
HPO3-2 R-H3PO3 
Organic phosphorus 
Microbial, Humus 
Plant residue 
Plant 
uptake 
Secondary 
compounds  
(CaP, FeP, MnP, Al
Mineral surfaces 
(clays, Fe, and 
Al2O3, 
carbonates) 
Runoff and 
erosion 
Leaching 
(usually minor) 
Mineral 
fertilizers 
Animal 
manures and 
biosolids 
Crop harvest Atmospheric 
deposition 
Plant 
residue 
Pesticides 
Component 
Loss 
from soil Input to soil 
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Phosphorus compounds in the environment occur in many forms and perform an 
all but limitless number of complex functions. It is now well known that phosphorus 
also is an important component of biomolecules including phospholipids, nucleic 
acids, proteins, polysaccharides, genetic material and the phosphate ester bond 
which is universally used for energy transfer reactions in organisms. Plants 
accumulate and concentrate P both in the xylem and in their seeds, and mammals 
contain about 25,000 mg P kg-1 dry weight (Cotton, 1996).  
Anthropogenic sources of phosphorus include wastewater discharges, septic 
systems and runoff from fertilizer and pesticide applications. In 1996, 
approximately 6000 t of phosphorus was used in detergents in Australia, mainly in 
the form of pentasodiumtriphosphate, contributing an estimated 30-35% of the 
total phosphorus load in waste waters (McKelvie et al., 1996, Halliwell et al., 
2001). A great deal of effort was made by governments, detergent manufacturers 
and consumers to reduce or eliminate the use of phosphates in the detergent 
(Valsami-Jones, 2004).  
 Fertilizers are applied heavily worldwide, even to soils that already contain ample 
phosphorus reserves. Figure 2-4 shows the usage rate from 1973 to 2000. 
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Figure 2-4: Phosphorus fertilizer consumption in the World and United States. (Adapted 
from (Morton and Edwards, 2005)). 
Substantial quantities of phosphorus are also added to the land in the form of 
animal manures. In many areas, phosphorus input from fertilizers and manures 
greatly exceeds phosphorus outputs in the farm produce resulting in phosphorus 
accumulating yearly in soils mainly in the form of phosphate (Kolenbrander, 1971, 
Malollari and Kapedani, 2003, Foy and Withers, 1995, Carpenter et al., 1998). 
Other forms of phosphorus found in the environment as a result of human activity 
include phosphate related products, and a variety of pesticides including inorganic 
phosphonate and glyphosate. 
2.2.1 Phosphate 
Phosphates are defined as being those compounds in which each phosphorus 
atom is more or less tetrahedrally surrounded by four oxygen atoms. If one to 
three corners of such (PO4) tetrahedra are shared with the corners of other 
tetrahedra, through an oxygen atom common to just one pair of the tetrahedra 
producing P O P    bonds, the resulting phosphates are called condensed 
phosphates.  
15 
P
O
O
OO
 
Figure2-5: Structure of orthophosphate 
The lone (PO4) group corresponding to the orthophosphate moiety may occur as a 
triply charged anion Figure2-5,  or as a structure in which there are covalent bonds 
from one or more of the four oxygen atoms to atoms other than phosphorus, such 
as in the phosphate esters (trimethylphosphate (CH3O)3PO) and acetylphosphate 
[CH3C(O)OPO3H].  
Phosphates enter environmental natural waters supplies through discharges from 
waste treatment plants and agricultural runoff. Phosphates may occur in water in 
both inorganic and organic forms, which can be either dissolved or attached to 
suspended particulates (Nollet, 1999, Robards et al., 1994). The forms of these 
compounds include orthophosphate (H2PO4- , HPO42-, PO43- ) inorganic condensed 
phosphate (pyro, meta, and polyphosphate) and organic phosphates (sugar 
phosphate, ATP, inositol phosphate, phospholipids, phosphoproteins, 
phosphoamides and nucleic acids).  
Orthophosphate, the major form of phosphorus in natural waters and soils, is 
regarded as the only form that is directly available and rapidly assimilated by 
bacteria, algae (Currie and Kalff, 1984) and plants (Currie and Kalff, 1984, 
Muchhal and Raghothama, 1999). Phosphates play a crucial role also in the 
environment being responsible for eutrophication, a phenomenon which was 
greatly talked about even before 1968 (Smith et al., 1999, Harper, 1992, 
Vollenweider, 1968). This is due to the ability of phosphorus to bind carbon in 
living organic matter as shown in equation (3) 
106CO2 + 16NO3- + HPO42- + 122H2O + 18H+               C106H263O110N16P + 138O2 (g)  (3)
P
R
 
where P stands for photosynthesis and R for respiration (Stumm and Baccini, 
1978). This simply means that if more phosphorus becomes available to a river, 
lake, or ocean, more biomass is formed, which after its death will remove a 
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corresponding amount of oxygen from the water, thus reducing the amount of 
oxygen available for higher organisms, such as fish.  
Phosphates have a high negative charge density, so they can readily bond to any 
positively charged cation, or surface. This greatly restricts the mobility of 
phosphorus in the environment; however, when phosphorus is in a relatively large 
organic compound, this charge is somewhat shielded. As a result, organic 
phosphorus is often more mobile than inorganic phosphorus in the environment 
(Harrison, 1987).  
There are numerous works in the literature devoted solely to environmental issues 
(Kasler, 1973, Wazer, 1961, Halmann and Platzner, 1965, Halman and Platzner, 
1965, Turner, 2009, Sharpley and Rekolainen, 1997). Nevertheless another major 
contributor of phosphorus in the environment is the application of phosphonates. 
These phosphonates are widely applied throughout the environment in the form of 
phosphorus compounds, and will be discussed in the following section.  
2.2.2 Phosphonates 
Phosphonates are a group of synthetic and biogenic compounds characterized by 
one or more stable covalent carbon to phosphorus (organic) ( C P ) or 
hydrogen to phosphorus (inorganic) H Pbonds (Figure 1-9).  
 
Figure 2-6: General structure of common phosphonate compounds, (a) organic and (b) 
inorganic,R1 and R2 can be either hydrogen or an organic group and R is an organic group 
bounded via carbon (Pehkonen and Zhang, 2002)  
They are characterised by three main properties; (Gohre et al., 1986, Michael, 
1981, Engel, 1977, Cook et al., 1978) 
i. They are effective chelating agents for di and trivalent metal ions. 
ii. They are inhibitors of crystal growth and scale formation 
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iii. They are quite stable towards hydrolytic cleavage as well as oxidative and 
thermal decomposition in both high and low pH conditions. 
Due to these useful characteristics, phosphonates find very wide application in 
many domestic and industrial situations, such as domestic laundry and cleaning 
products to serve as effective sequantrants of metals and as peroxide bleach 
stabilizers (Gohre et al., 1986). Other important industrial applications are as scale 
inhibitors in cooling waters, desalination systems and in oil fields, in flame 
retardants as additives and, in recent years, in medicine to treat various bone and 
calcium metabolic diseases (Fleisch, 1989, Francis and Centner, 1978) and as 
carriers for radio-nuclides in bone cancer treatments (de Klerk et al., 1992, 
Charmaine et al., 1996).  
As stated earlier in this review, phosphonates are mainly used as agrochemicals, 
therefore the remaining sections of this literature review will focus on the 
application, degradation pathways and the analytical methods for the 
determination of glyphosate, AMPA and inorganic phosphonate. Due to publicity 
surrounding these compounds, they have become the preferred pesticides in 
many parts of the world as has been described in the previous sections. This has 
led a wide-spread application of these pesticides (Gary M. Williams, 2000, Vitta et 
al., 2004, Botta et al., 2009, McDonald et al., 2001b). However, since the end 
degradation product of these compounds in the environment is orthophosphate 
(Teresa Krzyko-upicka and Orlik, 1997, Stenrod et al., 2006, Shushkova et al., 
2009, Ohtake et al., 1996, Adams and J. P. Conrad, 1953), the analytical methods 
will include the determination of orthophosphate 
Inorganic phosphonate (phosphonate ion) 
The plant pathogen, Phytophthora belongs to the class Oomycetes, which are 
mainly saprophytic and are found living in waters, soil and plants (Cohen and 
Coffey, 1986). Phytophthora has proven very difficult to control by conventional 
systemic fungicides. Phytophthora esp. attacks a wide range of agricultural crops 
causing stem, fruit and root rot; a good example of the destructive power of the 
pathogen is Irish potato famine which was responsible the deaths of 1.5 million 
and migration of 1 million people between 1884-1886 (McDonald et al., 2001a).  
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Phytophthora remains a plant disease problem throughout world including 
Australia. Over the past three decades, the Jarrah forest in Western Australia has 
been under serious threat due to die-back caused by Phytophthora cinnamomi 
(Cohen and Coffey, 1986, Ouimette and Coffey, 1988). Phosphorous acid solution, 
also called phosphonic acid ((Phi) Figure 2-7 structure (II)) is used as systemic 
fungicide against Phytophthora esp.  
 
Figure 2-7: Structure of inorganic phosphonate (aka phosphite) 
Solutions of potassium phosphonates are usually prepared by dissolving 
phosphorous acid in water and adjusting the pH with potassium hydroxide (Dunhill, 
1990). At pH 7 the solutions of potassium phosphonate consist of a mixture of a 
small amount of phosphonic acid Figure 2-7 (II), and mainly the mono-anion and 
the di-anion (H2PO3-, HPO32-) respectively (Fenn and Coffey, 1989, Ouimette and 
Coffey, 1989a). 
 Most of the previous literature has used the terms phosphorous acid and 
phosphite to denote the phosphonate species, but according to (IUPAC) the 
correct name for the anionic form of phosphonic acid is phosphonate (IUPAC, 
1971).  For convenience, the terms phosphonate and inorganic phosphonate will 
be used to refer to this mixture interchangeably, and to distinguish from organic 
phosphonates such as glyphosate and aminomethylphosphonic acid (AMPA) 
afterwards in this thesis. 
Inorganic phosphonate can be applied in a number of ways such as a foliar spray 
(Guest et al., 1994) as a soil drench (Smillie et al., 1989), or by trunk injection in 
the case of large trees (Whiley et al., 1995). Ouimette and Coffey (1989b) have 
shown that potassium phosphonate was the  most inhibiting compound of the 
growth and development of Phytophthora species, when a range of phosphonate 
based compounds were compared.  
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There has been some controversy about the mode and the primary site of action of 
the phosphonate ion; however, overwhelming reports show that the site of action 
lays within the fungal pathogen and not the plant (Fenn and Coffey, 1989, 
Bompeix and Saindrenan, 1984, Fenn and Coffey, 1984). This was supported by 
the evidence that 0.1 to 0.3 mM of inorganic phosphonate inhibited the growth of 
the Phytophthora mycelia in the sterile culture medium (Fenn and Coffey, 1989, 
Grant et al., 1992, Griffith et al., 1990). Furthermore, other studies conducted 
using NMR spectroscopy have revealed that phosphonate perturbs P metabolism 
in Phytophthora by accumulating polyphosphate and pyrophosphate (Niere et al., 
1990, Niere et al., 1994).  
In addition to the application of inorganic phosphonate as a fungicide, there is also 
an increasing promotion of this phosphonate ion as source of phosphorus to the 
plants (Rickard, 2000, McDonald et al., 2001b). This also raised the concern that 
the inorganic phosphonate may contribute to the P-loading in the environment. It is 
presumed that oxidation of inorganic phosphonate to phosphate by the soil 
bacteria makes this nutrient available to higher plants).  
 
Glyphosate and its metabolite aminomethylphosphonic acid (AMPA) 
Glyphosate [N-(phosphonomethyl)-glycine] Figure 2-8 (I) is currently one of the 
world’s most widely applied herbicides since it came on the market in 1974 
(Grossbard and Atkinson, 1985, Carlisle and Trevors, 1988, Franz et al., 1997, 
Woodburn, 2000). It is a broad-spectrum, nonselective and systemic herbicide 
used for the control of annual and perennial plants including grasses, sedges, 
broad-leaved weeds, and other woody plants (Grossbard and Atkinson, 1985).  
The herbicide is taken up through leaves and roots and then transported 
throughout the whole plant. Glyphosate is also widely used for control of aquatic 
weeds, and is registered for use in all kinds of aquatic systems as well as some 
non-agricultural related activities, such as forestry plantations, weed control on 
railways, roads and pavements. 
 
20 
 
HOOC N
H
P
OHHO
O
H2N P
OHHO
O
I II
 
Figure 2-8: Basic structure of glyphosate (I) and its major metabolite 
aminomethylphosphonic acid (AMPA) (II).  
 
As the free amino acid exhibits poor aqueous solubility, it is usually formulated as 
the salt of the deprotonated acid of glyphosate and a cation, mostly as 
isopropylamine or the trimethylsulfonium salt. The widespread usage of this 
compound is due to its low mammalian toxicity, even though some researchers 
have recently described the presence of secondary effects in animals such as 
reproductive dysfunctions (Abdullah et al., 1995, Cikalo et al., 1996, Sgma-Aldrich, 
1995) . In the USA alone, glyphosate use increased more than sixfold between 
1992-2002 (Gianessi and Reigner, 2006). This has become the most widely used 
herbicide in the United States. Most of this increase is due to the adoption of 
glyphosate-resistant crops (GRCs). Figure 2-9 shows the adoption or increase of 
GR soybean and cotton in the United States for a ten year period which shows that 
almost 90% of the cultivated land was used with such crops. 
 
Figure 2-9: Adoption of glyphosate-resistant soybean and cotton in the U.S.A by year  
 (Duke, 2005, Nandula et al., 2005).  
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The number of crops on which glyphosate has been approved for use has 
significantly increased over the years since its initial applications in plantations, 
orchards, vineyards and industrial situations. As result of the widespread adoption 
of minimum and no-tillage conservation practices and, most recently, through the 
introduction of an ever-increasing number of genetically modified glyphosate-
tolerant crop varieties (Cerdeira and Duke, 2006), this herbicide may lead to 
greater phosphorus environmental problem.  
Glyphosate is readily degraded by microbes and ultraviolet radiation (Liu et al., 
1991, Huston and Pignatello, 1999, Pehkonen and Zhang, 2002) to 
aminomethylphosphonic acid, AMPA Figure 2-8 (II), which further degrades to 
phosphate, but at a very much slower rate (Franz et al., 1997, Grossbard and 
Atkinson, 1985). Glyphosate and AMPA are not likely to move to ground water due 
to their strong adsorptive characteristics. However, glyphosate does have the 
potential to contaminate surface waters due to its aquatic use patterns and through 
erosion, as it is adsorbed to soil particles suspended in runoff.  
Phosphorus input into the environment in its various forms as discussed above 
has important implications for water eutrophication, because the total amount of 
phosphorus transferred in runoff from the landscape to water bodies, increases 
linearly with soil phosphorus content (McDowell et al., 2004a, Vadas et al., 2008, 
Daniel et al., 1998). As a result of phosphorus enrichment of the receiving water 
bodies eutrophication and associated blooms of cyanobacteria (blue-green algae) 
occur periodically in USA, Europe, and Australia (Burkholder et al., 1992, Lawton 
and Codd, 1991, Abdullah et al., 1995). Much research has been done to provide 
an understanding of how phosphorus (P) is cycled through the environment.  
However, a fundamental true understanding of the dynamic cycle of phosphorus 
compounds in the natural environment requires an expanded knowledge of its 
oxidation-reduction (redox) cycle.  
The general assumption is that phosphorus compounds in the environment do not 
undergo reduction reactions and exist in phosphate, organic phosphorus with the 
bond type (P-O-C) and colloidial complex forms in aqueous systems (Hanrahan et 
al., 2005). On the other hand, recent investigations have revealed that reduced 
phosphorus compounds are present in the environment such as phosphine which 
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has been identified in the environments of a variety of locations ((Adams et al., 
2000, Glindemann and Bergmann, 1995, Eismann et al., 1997, Glindemann et al., 
1996).  
There are quite good reviews about the subject of environmental phosphorus; just 
for the benefit of the reader,  these are the most recent by Powers and Angel 
(2008) Mannning (2008) and Nelson and Jank (2007) .  
The increasing application of glyphosate, and inorganic phosphonate over the 
years and the unpredictable behaviour of the residue in the environment creates 
the need for sensitive and robust analytical methods for the determination of both 
forms of phosphorus species and their metabolites in various environmental 
matrices. 
2.3 Degradation pathways of phosphonates 
As mentioned earlier in the introduction, phosphonates are used widely in many 
industrial and environmental applications. Phosphonates are also used as 
extractants in solvent extraction based separation. During the application, these 
chemicals are subject to various types of degradation pathways. Although the C-P 
bond present in organic phosphonate such as glyphosate and AMPA provides 
relatively high resistance to biological and chemical degradation, a number of 
mechanisms have been identified (Schuette, 1998, Rueppel et al., 1977).  
A search of the literature for the reports concerning the environmental degradation 
of inorganic phosphonate did not result in many papers and the ones available 
were mainly about microbial degradation. The next sections will review some of 
these degradation pathways.  
2.3.1 Chemical degradation  
Gradual oxidation of inorganic phosphonate to phosphate does occur in the open 
air (Echavia et al., 2009, Smillie et al., 1988).  A very fast reaction between ozone 
(O3) and glyphosate has been reported (Mansour et al., 1989). In this reaction, 
rapid disappearance of the parent compound glyphosate was achieved in a very 
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short time. About 70% of the degradation products were found to be 
aminomethylphosphonic acid and phosphate.  
The primary reaction site of glyphosate towards ozone is the amine group, which is 
highly reactive in the presence of alkaline solutions (Mansour et al., 1989). The pH 
is very important factor for the nature of the product formed and the influence of 
the ozonation process.  
The oxidation of glyphosate in water to orthophosphate by hydrogen peroxide 
(H2O2) and molecular oxygen followed by subsequent spectrophotometric 
determination has been reported by Glass (1981) and Riley et al (1991) 
respectively.  
Chemical reactions that convert inorganic phosphonate to orthophosphate have 
been reported since early in the 1950s (Rao and Somidevamma, 1958, Guilbault 
and McCurdy, 1961). Another procedure described is the rapid determination of 
inorganic phosphonate by oxidising with excess potassium dichromate, then back 
titrating using Fe(II) solution with Ferrion as indicator (Radhakrishnamurty and 
Rao, 1983) 
Rao et al (1991) used thallium(III) to oxidise inorganic phosphonate and in the 
presence of hydrochloric and perchloric acids.  Several other reports have 
indicated the oxidation of inorganic phosphonate to orthophosphate using different 
oxidising agents, acidic potassium permanganate (Neto et al., 2000) and a mixed 
iodide solution (Barco et al., 2006).   
2.3.2 Biological degradation 
At present, little is known about the fate of the phosphonates in the plant and soil, 
although it is known that microbial oxidation of phosphonate to phosphate does 
occur in the environment (Shushkova et al., 2009, Sprankle et al., 1975a). 
Microbial activity is the main cause for the disappearance of glyphosate in soils 
(Shushkova et al., 2009, Ermakova et al., 2008). In these studies bacteria that can 
use glyphosate as the sole source of phosphorus were isolated from the soil 
samples (Ermakova et al., 2008). 
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 Adam and Conrad (1953) were the first to report on the biological degradation of 
inorganic phosphonate. Since then, other workers have also reported the bacterial 
degradation of inorganic phosphonate to orthophosphate (Casida, 1960, Cook et 
al., 1978, Schink and Friedrich, 2000, Costas et al., 2001). In all these cases the 
authors reported that the organisms responsible had the ability to oxidise inorganic 
phosphonate under both aerobic and anaerobic conditions, releasing 
orthophosphate into the system. 
Malacinski and Konetzka (1966) reported that inorganic phosphonate is oxidised 
very rapidly in the soil by micro-organisms, with half-life of 14-15 weeks. 
Bezuidenhout et al (1987) suggested that the microbial oxidation might be 
occurring within the plant tissues. Furthermore, this group isolated and identified 
three genera of bacteria with ability to generate orthophosphate by oxidising 
inorganic phosphonate in vitro from surface-sterilised avocado root and leaf 
samples. 
It may be that the oxidation of inorganic phosphonate to phosphate is a common 
phenomenon under a variety environmental conditions accounting for a certain 
amount of the observed increase in P loading in the aquatic environment. 
2.3.3 Photo-degradation 
Photochemical reactions are chemical transformations brought about by the 
absorption of light energy. Light is electromagnetic in character and its energy can 
be measured in terms of either wavelength (?) or frequency (?). The common units 
of measure of (?) are the angstrom (Å) (10-8 cm) and the millimicron (m?) or 
nanometer (nm) (10-7 cm), whereas (?) is measured in vibrations (cycles) per 
second (Hz) or in wave numbers (centimetres-1). Although the light 
electromagnetic spectrum that can be used in laboratory studies is very wide 
(Figure 2-10), the current discussion is confined to only the narrow region known 
as the ultraviolet (UV).   
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Figure 2-10: Electromagnetic spectrum 
Ultraviolet light is between 40 and 4000 Å (4-400nm), and most of the 
photochemical experiments are only conducted in the regions of the middle (200-
300 nm) and near regions (300-400nm) of the ultraviolet spectrum. According to 
quantum theory, radiant energy occurs in discrete parcels or quanta. The energy 
(E) of each quantum, in ergs, is related to wavelength (centimetres) or frequency 
(seconds-1) by  
)4(λν hchE ==  
Where h is Planck’s constant (6.62 x 10-27 ergs-sec) and c is the velocity of light (3 
x 1010 cm/sec). In more familiar terms the equation (4) becomes. 
)5()(
500,28 kcal
nm
E λ=  
Energy absorption is of course the primary factor in photochemical reactions. 
According to the above equations, the energy available to bring about a 
photochemical reaction at 200 nm is about 143 kcal/mole, at 300 nm is 
95kcal/mole, and at 420 nm is 68kcal/mole. Depending on the type of molecule, 
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physical state, and reaction mechanism, ultraviolet light is sufficient to bring about 
many kinds of chemical transformations.  
In the case of phosphonates various ultraviolet degradation treatments have been 
investigated to reduce the trace concentrations of pesticides in water and to 
prevent the potential health risks associated with exposure of contaminated water 
to humans (Lund-Hoeie and Friestad, 1986, Assalin et al., 2010). 
Advance oxidation technology (AOT) has become increasingly very popular as 
potential option to degrade glyphosate and AMPA in natural waters. These studies 
include photocatalysis with TiO2 (Muneer and Boxall, 2008, Muneer and Boxall, 
2007, Echavia et al., 2009) as well as those with different forms of the systems 
Fe(III)/H2O2/UV (Chen et al., 2007a, Shifu and Yunzhang, 2007, Manassero et al., 
2010, Assalin et al., 2010). In these studies has been shown that these techniques 
are efficient in degrading glyphosate into simple products such as phosphate, 
carbon dioxide and nitrate. However, no single technique has shown the 
degradation of glyphosate without the artificial introduction of some form of strong 
oxidising species in the system, which is quite different from natural process in the 
environment. Furthermore, photochemically induced transformations and 
degradation of pesticides are very likely to occur as a result of their exposure to 
sunlight, and this has not been investigated.  
2.4 Detection chemistry 
2.4.1 Molybdenum Chemistry 
Molybdenum occurs principally in molybdenites (MoS2), molybdates (PbMoO4) and 
other similar minerals with an abundance of ca: 10-4 % on the earth. Molybdenum 
has greater concentrations in natural waters than those of other biologically 
important elements such as iron, copper and zinc (Hille, 1996). Several aspects of 
molybdenum chemistry have been rigorously studied in the past decades, 
principally because of the variety of applications. Molybdenum is commercially 
important in metallurgical and agricultural laboratories; when it is combined with 
cobalt, it can be used as catalyst in the petroleum industry.  Another major use for 
molybdenum is in alloy steels to which, it imparts hardness and strength 
(McPherson, 2009). Besides its widespread industrial uses, molybdenum is an 
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essential trace element required by both plants and animals. It has long been 
known as one of the biologically active transitional elements (Durrant Marcus, 
2002). It is the only element in the second transition series known to have natural 
biological functions (Burgess and Lowe, 1996, Hille, 1996, Howard and Rees, 
1996, Romao, 2009).  
Molybdenum has wide variety of stereochemistries in addition to the variety of 
oxidation states. Molybdenum chemistry is among the most complex of the 
transitional elements. Molybdenum forms large number of structurally diverse 
polyanions in association with other oxo-ligands such malate, phosphate and 
arsenate (Khan and Zubieta, 1995). Generaly, the polyanions of molybdenum can 
be classified into two groups: The isopoly acids also called (isopoly-molybdate) 
contain only molybdenum along with oxygen and hydrogen and the heteropoly 
acids also known (heteropoly-molybdate) can contain one or two other elements in 
addition to molybdenum, oxygen and hydrogen. The VI oxidation state as in 
molybdate (MoO42-), results in the formation of condensed species in acidic media 
(Ghiasvand et al., 2005). In strong acidic solutions, molybdenyl cations (MoO22+) 
are present. 
The formation of the blue colour known as molybdenum blue complex is the basis 
of widely used methods for the colorimetric and spectrophotometric determination 
of phosphorus, arsenic, silicon and germanium. These analytical methods fall into 
two categories: 
1) those in which an excess of molybdenum and a suitable reducing agent are 
employed, and 
2) those in which only mixed valence molybdenum is used. It is desirable for 
the molybdenum reagent to have a specific composition ratio as this affects the 
valencies of the molybdenum present and the relationship between their 
concentrations. 
Most of spectrophotometric methods (manual and automated) for the 
determination of phosphates species in water are based on the reaction between 
phosphates and acidified molybdate reagent to produce yellow phosphomolybdate 
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heteropolyacids, which in turn react with suitable reducing agents to yield a 
phosphomolybdate blue complex with an intense blue colour. 
PO43- + 12MoO42-
HCl
H3PO4(MoO3)12 yellow colour
H3PO4(MoO3)12 + reducing agent phosphomolybdenum blue [Mo(VI)/Mo(V)] (6)
The blue colour is proportional to amount of phosphorus present in the system 
(West-Knights, 1880). Many modifications of this method, mainly based on the use 
of different reducing agents, have been reported since its original publication 
(Murphy and Riley, 1962). 
Many different modifications of this procedure have been reported in the literature, 
just few of these modifications both in early works and more recently are 
summarised here. These are based on the effect of one or more parameters on 
the intensity of the colour of the blue complex. For example the effects and the 
type of acid and the molybdate concentrations, were reported by Johnson and 
Pilson (1972), Going and Eisenreich (1974), Crouch and Malmstadt (1967), Tsang 
et al (2007), Pai et al (1990) and Bartels and Roijers(1975). The effect of reducing 
reagents was reported by Rudenko et al (1971), Kriss et al (1971b, 1971a), 
Drummond and Maher (1995) and Huang and Zhang(2008). The influence of the 
sample volume and temperature effect was reported by To and Randall (1977).  
The most commonly used reducing agents are ascorbic acid and stannous 
chloride. The preferred spectrophotometric method for many environmental groups 
is the ascorbic acid method probably because it has many advantages over 
stannous chloride; it is less salt sensitive (Griffith et al., 1973b) and colour 
development does not depend on temperature (Drummond and Maher, 1995). 
Nevertheless the stannous chloride method colour development is faster than the 
ascorbic acid method.  
In this study, preliminary tests using the ascorbic acid and stannous chloride as 
reducing agents were done on the determination of phosphate and phosphonate. 
Both methods (the ascorbic acid and stannous chloride) produced satisfactory 
results. However, the application of ascorbic acid for the analysis of both inorganic 
and organic phosphonates was very slow. Thus, under these experimental 
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conditions, the stannous chloride method was faster and more appropriate for the 
FIA; subsequent experiments were conducted using stannous chloride method. 
2.4.2 Luminescence 
Luminescence is a general term describing several processes that generate a light 
from an excited state of a compound or molecule. The generation of the light does 
not require a heat source and can be classified according the source used to 
produce the excited state.  
2.4.2.1 Chemically induced chemiluminescence 
Chemiluminescence is a particular type of luminescence process in which the 
electrochemical excited species is produced as a result of chemical reaction. The 
phenomena of light emitting compounds was first observed in 1927 during 
electrolysis of Grignard solutions at an applied potential (Dufford et al., 1927);  
since then several articles and reviews concerning various sample matrices have 
been written, just few include those of  Gerardi et al(1999b), Garcia-Campana and 
Lara (2007), Pringle (1993), Robards and Worsfold (1992), Givens et al (1990), 
Lancaster and Worsfold (1989) and Lewis et al (1993).    
Ruthenium(II) complexes (figure 6.1 in chapter 6) have been a subject of study 
across various branches of chemistry, including photochemistry, photophysics, 
electrochemistry, and chemiluminescence.  
The first chemiluminescence reaction involving Ru(bpy)32+ was reported by Dufford 
et al (1927) in which the oxidation of Ru(bpy)32+ to Ru(bpy)33+ was accomplished 
using solid lead dioxide.  
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Figure 2-11: Schematic diagram of chemical chemiluminescence species.  
In principle, a chemiluminescence (CL) reaction involves a reaction between two 
species A- and D+  Figure 2-11, shows that a fraction of the product (A) is formed in 
an excited state A* which then relaxes to the ground state with emission of a 
photon h?. 
The intensity of the chemiluminescence reaction depends on both the efficiency 
and the rate of the CL reaction (Fletcher et al., 2001, Gerardi et al., 1999a).  
The CL reactions have found very wide application in analytical chemistry, such as 
biological (Rezaei and Mokhtari, 2009), clinical (Solich et al., 2001) and 
environmental sample analysis (Lancaster and Worsfold, 1989). This is due to the 
relatively cheap and simple instrumentation required for CL analysis. 
There are several very well-known chemiluminescence reaction systems. Highly 
sensitive chemiluminescence-based biosensors involving enzymatic packed bed 
reactors with pyruvate oxidase (Nakamura et al., 1999b), maltose phosphorylase-
mutarotase-glucose oxidase (Nakamura et al., 1999a) or purine nucleoside 
phosphorylase-xanthine oxidase (Noguchi et al., 1995) were reported for the 
determination of phosphorus species in different environmental waters.  However, 
in this particular study tris(2, 2-bipyridyl)ruthenium(II) (Ru(bpy)32+) and 
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dichlorotris(1,10-phenanthroline)ruthenium (II) (Ru(phen)32+) are of particular 
interest. 
2.4.2.2 Electro-generated Chemiluminescence 
Electrogenerated chemiluminescence (ECL) is based on emission of light during 
an electrochemical reaction, as the  result of directly or indirectly generated 
species at the electrode surface (Rubinstein and Bard, 1981).   Figure 2-12 shows 
the schematic representation of an ECL process. The ECL process is similar to CL 
except that the species has to be generated at electrode surface. The term 
electrogenerated chemiluminescence (ECL) was first applied to describe this type 
of reaction in 1968 (Cruser and Bard, 1967, Faulkner and Bard, 1968) 
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Figure 2-12: Schematic diagram of electrogenerated chemiluminescent (ECL) species in 
solution.  
The analytical application of electrogenerated (ECL) has received high popularity 
(Zhang et al., 2003) when compared to the normal chemiluminescence (CL) 
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detection systems, particularly when combined with flow injection, as exemplified 
in several monographs and exhaustive fundamental reviews (Zhang et al., 2003, 
Marquette and Blum, 2002, Karsten A. Fähnrich et al., 2001, Fan, 2004, 
Danielson, 2004).  
The light emission is generated in close proximity to the electrode surface which 
can be controlled to optimise for greater emission intensity.  
The stability of the chemiluminescence reagent generated in the ECL process is 
not that important, since the reaction with the analyte occurs simultaneously with 
production of the reagent at the electrode surface. In the chemiluminescence 
process, where chemical reactions are employed to generate the luminescent 
species, problems occur if the chemically produced species is not stable in the 
timeframe of the reaction.  
The pioneering work on ruthenium ECL was done by Tokel and Bard (1972) and 
Schowanek and Verstraete (1991) when a great deal of attention was given to 
Ru(bpy)32+ ECL. Ru(bpy)32+ ECL will be given special consideration in this work, 
especially in the determination of organic phosphonates (glyphosate and its main 
degradation product AMPA)(Chapter 6). 
2.4.3 Derivatisation methods for chromatographic techniques 
The most critical step for the determination of phosphonates (glyphosate, AMPA 
and inorganic phosphonate) is to find a simple and robust derivatisation reaction 
applicable for a suitable chromatographic method. Because glyphosate and AMPA 
are non-volatile, amphoteric and very polar, detection by gas chromatography 
requires a derivatisation step, in order to lower the polarity and to improve the 
volatility. A number of reaction schemes have been developed over the years in an 
attempt to derivatise these compounds. The most common derivatisation 
procedure for glyphosate and AMPA is one developed by Monsanto and 
recommended by the EPA (1977).  
The principle of this procedure is acetylation with trifluoroacetic anhydride, 
followed by alkylation with diazomethane and detection by GC. Despite the 
popularity of this derivatisation procedure, very poor recoveries and irreproducible 
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results have been reported (Miles and Moye, 1988), specially with crop and soil 
samples. The application of diazomethane, a carcinogenic, toxic and highly 
explosive compound as derivatisation reagent, has made many laboratories 
reluctant to employ this procedure. 
Because of the difficulties associated with above derivatisation procedure, a few 
years later Moye and Deyrup (1984) reported N-methyl-N-(tert-butyldimethyl-silyl) 
trifluoroacetamide (MTBSTFA)  as  an alternative derivatisation reagent for 
glyphosate and its metabolites AMPA. The procedure was simple and safer than 
that of the Monsanto method, in that the derivatives of glyphosate and AMPA were 
obtained in a single step and further clean up procedures were not required. The 
derivatives were stable and could be analysed without the need for the removal of 
any excess (MTBSTFA) reagent. However, the yield was low and high detection 
limits were observed.   
Deyrup et al (1985) reported that glyphosate and AMPA were successfully 
derivatised with a mixture of trifluoroethanol (TFE) and trifluoroacetic anhydride 
(TFAA). This derivatisation procedure was better than the MTBSTFA procedure in 
the sense that no special precaution was necessary and much better recoveries 
were obtained at low levels. 
As an alternative technique to gas chromatography, a number of high pressure 
liquid chromatography methods have been developed for the determination of 
glyphosate and AMPA. Because of simplicity of handling the analytes in solutions 
and possibility of performing a derivatisation in aqueous solutions, HPLC is an 
attractive technique for the analysis of glyphosate and AMPA. 
However, the lack of a suitable chromophore or fluorophore made it necessary to 
introduce a derivatisation step also in HPLC techniques. There are two types of 
derivatisation techniques widely used in HPLC, i.e. pre and post-column mode 
derivatisation. These methods are more straightforward than the GC methods, but 
in some cases require more expensive and elaborate analytical equipment. 
The method recommended by EPA (1990) for the determination of glyphosate, 
employs a direct injection of water sample, followed by post-column derivatisation 
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with o-phthalaldehyde-2-mercaptoethanol (OPA-ME) to give a fluorophore which is 
then detected by a fluorometer at 340 nm. 
The pre-column derivatisation procedure involves reacting the analyte with 9-
fluorenylmethyl chloroformate (FMOC-Cl), a reagent which gives a highly 
fluorescent derivative, which can be determined at 315 nm (Roseboom and 
Berkhoff, 1982, Glass, 1983). The reagent possesses a non-polar highly 
fluorescent moiety and is highly reactive towards amine groups in alkaline 
aqueous solution. 
Thompson et al (1989) coupled the ninhydrin reaction with post-column derivation 
and ion-exchange chromatography, followed by absorbance detection at 570 nm 
for the determination of glyphosate and AMPA in soil, sediment and foliage 
extractions. 
A report published by Sundaram and Curry (2004) compares ninhydrin and OPA-
ME derivatisation procedures, in which the authors concluded that fluorescence 
detection with OPA-ME is slightly superior to that of ninhydrin. 
2.5 Instrumental Techniques for phosphonates and phosphate 
In the aquatic environment, phosphorus species are present as both inorganic, 
and organic species and in biotic and abiotic particles (Hart et al., 1994, Benson et 
al., 1994, Day et al., 1994, Robards et al., 1994). These forms of phosphorus 
species may have originated from various input sources and may enter into the 
system in different ways.  However, following and monitoring for these species, 
suitable and effective analytical techniques are required. 
The determination of phosphorus species in environmental samples is essential 
due to the need for important data for the assessment of the health ecosystem, 
biogeochemical processes and monitoring compliance. 
It is quite common that in a single natural water sample, different forms of 
phosphorus species may be contained, which makes it necessary to employ 
different extraction procedures in order to separate and determine the individual 
35 
species (Figure 2-13), often a very difficult process. Most of the analytical 
procedures require the sample to be in solution. 
Establishing a single effective extraction procedure for these phosphorus species, 
at residual levels, might be problematic due to their differing physical and chemical 
properties. These properties include solubility in water, solubility in the organic 
solvents and complex formation with favourable cations. 
     
 
Figure 2-13: Operationally defined aquatic P fractions adapted from (Worsfold Paul 
et al., 2005, Robards et al., 1994).  
Phosphorus concentrations in natural waters fluctuate with changes in physico-
chemical conditions, such as pH, Eh, dissolved carbon dioxide, dissolved cations 
(Ca2+, Fe3+, Fe2+ etc)  and biological activity (Hanrahan et al., 2003). 
A substantial number of analytical methods have been developed for the 
determination of phosphonate (organic; such as glyphosate and AMPA and 
inorganic; inorganic phosphonate) and orthophosphate; the ultimate degradation 
product of these compounds in the environment (Ventegodt, 1999, Rueppel et al., 
1977). 
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These analytical techniques include, but are not limited to, optical methods based 
on molecular spectroscopy, chemiluminescence, and fluorescence usually coupled 
with molybdenum reaction based detection,; atomic spectroscopic techniques 
(atomic absorption spectrometry, inductively coupled plasma atomic emission 
spectrometry) and are employed for the determination of phosphate and total 
phosphorus (Fang et al., 1986, Miyazaki and Bansho, 1989)  
Electrochemical techniques (potentiometry, amperometry, and voltammetry), are 
becoming popular techniques for the environmental monitoring for phosphonates 
(Franzini et al., 2007, Hickling and Johnson, 1967, Trasatti and Alberti, 1966) and 
orthophosphate (Fogg and Bsebsu, 1982, Fogg and Bsebsu, 1981b, Abdalla et al., 
1982). 
The instrumental techniques applied to the determination of phosphorus species in 
environmental samples and their classifications, among other parameters related 
to the analysis of phosphorus species  in water, have been reviewed  by Mckelvie 
and Monbet (2007). A summary of analytical methods developed for the 
determination of phosphonates; (glyphosate, AMPA and inorganic phosphonate 
and phosphate) is reportied tables below. 
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2.5.1 Flow injection analysis 
Since its discovery in the 1970s, the flow injection analysis technique has proven 
to be very successful in the field of analytical chemistry. It has been demonstrated 
to be very versatile and easily manipulated procedure in variety of analytical 
situations. The easy implementation together with the high analysis throughput are 
the main features of a flow injection system FIA (Ruzicka and Hansen, 1975).  
Over the past 3 decades flow injection analysis has been through a number of 
variations. These variations are (1) Sequential Injection Analysis (SIA), (2) Bead 
Injection Analysis (BIA) and (3) Laboratory- On- a-valve (LOV). Sequential 
injection analysis was developed to resolve the main drawback of widely used flow 
injection analysis. (Ruzicka and Marshall, 1990, Barnett et al., 1999). Thede 
drawbaks can easily be understood by comparing SIA and FIA for the simple 
sample manipulation: 
1. SIA makes use of a simpler, more robust single channel 
manifold even with multi-component chemical systems. In FIA, 
additional flow channels are required for each reagent. 
2. In SIA, the multi-channel peristaltic pumps commonly used in 
FIA are replaced by more accurate, robust syringe pumps. 
3. Sample and reagent consumptions are drastically reduced in 
the applications of SIA. 
4. The single channel operation of SIA enables the use of the 
same manifold to implement a wide range of assays. 
5. In SIA, the selection valve provides a means for performing 
convenient automated calibration.  
The centrally located valve which characterizes SIA provides a convenient means 
of selecting various reagents. SIA expanded the capabilities of flow based 
techniques and remained tied to its roots in FIA by maintaining on dispersion as a 
primary means of mixing.  
BIA was developed by Wang and Taha (1991b). When the beads of an active 
surface is placed in the detection zone of flow injection system, the system 
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obtained is continues sensing device which allows on line species monitoring. 
Bead injection (BI) with renewable micro column for preconcentration and pre-
separation have been used for the determination of Cu (Oliveira et al., 2000). The 
measurement is carried out after the analyte is sorbed onto beads, and then the 
used beads are either discarded or renewed. A renewable micro-column loaded 
with SP sephades C-25 cation exchange resin was used for online determination 
of Ni by electro-thermal atomic absorption spectrometry (ETAAS)(Wang and 
Hansen, 2000). A similar system was applied for the determination of trace 
bismuth in urine and river sediment (Wang and Hansen, 2001). 
Laboratory on valve FIA system (FIA-LOV) was introduced by Jaromir Ruzicka 
(Ruzicka, 2000). The miniaturized LOV system potentially offers facilities to allow 
any kind of chemical and physical process (Erxleben and Ruzicka, 2005, Wang et 
al., 2003, Wang and Hansen, 2003). These include fluidic and micro-carrier bead 
control, homogenous reaction, liquid-solid interaction and in-valve, real-time optical 
detection of various processes. LOV has already proven to be an attractive, 
effective front end to various detection devices with the microminiaturized sample 
processing along with improved efficiency and ruggedness(Hansen and Miro, 
2013, Miro and Hansen, 2012, Hansen and Miro, 2007).   
 Figure 2-14 shows a simple schematic diagram of two lines FIA system. As the 
sample is injected, a number of operations can be easily implemented on the 
sample as it pushed down the line towards the detector, such as dilution, 
extraction, and pre-concentration, etc. 
  
C
R
W
SPump 
mL/Min
D
Mixing 
coils
  
Figure 2-14: Schematic diagram of a typical simple single line reagent FIA system  C = 
carrier stream, R = reagent line, peristaltic pump, S = site of sample injection, reaction 
mixing coils, D = detector and w = waste.  
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The exact mechanism in which reagent (R) and sample (S) merge is very 
important for the reproducibility and mixing characteristics of the union of reagents 
and the sample. The details of such mechanisms are described elsewhere (Ruzika 
and Hansen, 1988, Ruzicka, 1981).  Dispersion (D) is the term normally used in 
FIA techniques to describe the dilution effect on the sample while it moves down 
the carrier stream to the detector. 
Dispersion is defined as the ratio of the concentration (Cº) of the sample at the 
injection point to the maximum concentration (Cmax) of the sample at the detector. 
This is represented by  
)7(
maxC
CD
?
=
 
 Many different analytical methods are used as detection techniques in flow 
injection analysis (FIA). 
Spectrophotometric and electrochemical methods are the most frequently used 
detection systems used in flow injection analysis for the determination of 
phosphorus species. This is mainly due to the simple construction of 
spectrophotometric flow-through and electrochemical cells. 
The aqueous and liquid samples are very well adapted to the application of flow 
injection analysis. The relevance of water quality monitoring by the application of 
flow injection analysis to water quality monitoring flow injection analysis has been 
extensively reviewed (Miró et al., 2004a, Miró et al., 2004b, Hanrahan et al., 2002, 
Danet et al., 2001). The automation of an FIA system has allowed the easy 
combination of several steps, such as pre-concentration, on-line digestion and 
elimination of interferences, which are all involved in the determination of 
phosphorus species. The spectrophotometric methods for the determination of 
phosphate are based on the reaction between orthophosphate and molybdate in 
an acidic medium to form a phosphomolybdate complex. 
The basis and the classification of FIA techniques for the determination of 
phosphonate and phosphate in different matrixes are summarised in Table 2-6.  
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An alternative approach of performing rapid assays is batch injection analysis 
(BIA), which was introduced by Wang and Taha (1991a). In this technique, a small 
liquid sample is injected from a micropipette tip directly onto a nearby detector 
surface that is immersed in a large volume of a blank solution. The detector 
records a transient peak-shaped response that reflects the passage of the sample 
zone over the detector. BIA for the determination of phosphate, using 
amperometric detection was developed by Quintana et al, (2004), in which the 
major characteristics observed for this technique were simplicity of the instrument, 
a limited consumption of the reagents and the elimination of the interfering 
species. This was achieved by carefully choosing the appropriate concentrations 
of acid and molybdenum reagents. 
2.5.2 Electroanalytical methods 
Electroanalytical methods are based on the measurements of current, potential, 
resistance, and conductivity, and relate such measurements to analyte 
concentration.  
A variety of electroanalytical techniques have been used to measure metals, 
inorganic non-metallic constituents,  pH and anions (Canete et al., 1988, Canete et 
al., 1987), as well as physical and aggregate properties such as alkalinity (Canete 
et al., 1987) and conductivity (Canete et al., 1988). Many of these parameters can 
be determined by other analytical techniques, such as wet chemical methods, 
atomic spectroscopy, or ion chromatography. In many cases, however, electro 
analytical methods can offer a competitive advantage because of low cost, fast 
response, and the ability to monitor in situ. 
Potentiometry is the technique where potential developed between two electrodes 
is measured in the absence of appreciable currents. Using the glass electrode for 
the measurement of pH is one special (and the best known) example. A great deal 
of more information can be obtained by an electroanalytical method if one 
parameter is varied and a second measured, this is known as two dimensional 
measurement (section 2.5.2.1). In this case a signal pattern rather than one 
measured value is used to identify, as well as quantify, one or more species in a 
solution. 
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The current can be monitored as the potential of the working electrode is held 
constant at a value in the limiting current region of the analyte. This is termed as 
amperometry. 
The electroanalytical techniques can be divided into different groups depending on 
the electrical signal that is measured. Figure 2-15 is the schematic representation 
of electroanalytical techniques. 
 
Electrode reaction is not 
at equilibrium: 
measurement at 
polarized electrode 
No electrode reaction is considered: 
Measurement of bulk property 
 -conductometry G?C 
Electrode reaction is considered 
Measurement of current: 
-Voltammetry 
-Amperometry, at constant 
potential. i?C 
Measurement of current and time 
-Coulometry 
Amount of substance ??tidt 
Electroanalytical methods 
Electrode reaction is at equilibrium: 
Measurement of potential at zero current 
-Potentiometry, E?lgC  
 
Figure 2-15: Classification of electroanalytical techniques  (adapted from Ivaska (2008)). (I ? 
C, I is proportional to C) 
When the current is controlled by diffusive processes in solution, the technique is 
termed polarography.  The modern variants of anodic and cathodic stripping 
Voltammetry have much to offer for the direct determination of very low 
concentrations of metal ions in natural waters, even in seawater current is 
proportional to concentrations (I ? C). 
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Electro-analytical techniques have been shown to be very useful for gathering the 
information concerning environmental pollutants such as pesticides used for 
disease and pest control (Bard and Faulkner, 1980). 
 There are significant numbers of electrochemical studies and electro-analytical 
methods for the determination and evaluation of pesticides in different 
environmental sample matrices, water (Pastore et al., 1990, Teofilo et al., 2008, 
Perez-Lopez et al., 1994, Pedrosa et al., 2008) soil (Santos et al., 2006, Castanho 
et al., 2003) and food (Teofilo et al., 2008, Pedrosa et al., 2008). 
In many instances, electrochemical techniques are superior in terms of speed, 
sensitivity robustness, and simplicity compared to the conventional methods (Bard, 
2001, Bard and Faulkner, 1980). Indeed a number of electrochemical methods 
have been developed for the determination of environmental inorganic 
phosphonate and phosphate using both multi and single residue analysis (Hickling 
and Johnson, 1967, Franzini et al., 2009, Jakmunee and Junsomboon, 2009, 
Quintana et al., 2004). But none of these used a flow injection system, which 
makes them unsuitable for routine analysis. 
Chalmers and Sinclair (1965, 1966) determined the conditions in which heteropoly 
acids such as ?-phosphomolybdate could be stabilised with organic solvents such 
as acetone, preventing conversion to the less stable corresponding ?-
phosphomolybdate. Later,  Fogg et al (1981) used these conditions with 
differential pulse anodic voltammetric (DPAV) for determination of phosphate with 
other heteropoly acids. 
Early voltammetric approaches for the determination of phosphate by the 
reduction of the yellow phosphomolybdate to molybdenum blue complex at a 
glassy carbon electrode  include the work reported by Fogg and Bsebsu (1984, 
1981a) and that of Abdalla et al (1982). It should be noted from here that all the 
yellow phosphomolybdate ions produce mixed-valence blue complexes (Ueda et 
al., 1997, Cotton and Wilkinson, 1966) by the controlled potential electrolysis, or 
application of fixed potentials in flow streams at the respective reduction peaks. In 
controlled potential electrolysis, the difference in electrode potentials is measured. 
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In the application of fixed potential the current is measured, at a fixed potential, at 
different times since the start of polarisation. 
Differential pulse voltammetry (DPV) with dropping mercury and Ag/AgCl 
reference electrodes for the determination of phosphate was used by Helms and 
his co-workers (1994). This method was applied to natural water samples. 
However, the only methods which describe the direct determination of inorganic 
phosphonate are those of flow injection amperometric detection and amperometric 
titration procedures  (Franzini et al., 2007, Franzini et al., 2009) and that of 
voltammetric determination (Himeno et al., 1990a). 
A flow injection voltammetric system for determination of phosphate and nitrate 
with the injection of reagent into the sample stream was reported by Fogg and 
Bsebsu (1984). Flow injection amperometric detection for the determination of 
phosphate in both fresh and marine waters, with online preconcentration was 
reported by McKelvie and co-workers (2005). More recently Jakmunee and 
Junsomboon (2009), reported an FIA amperometric detection  system with a new 
extraction technique for the  determination of available phosphate in soil. 
The major significant characteristics reported for the amperometric method were 
the advantages over spectrophotometric detection, because it can tolerate up to 
1000 ppm of silicate and does not suffer from interferences from turbidity or 
coloured substances present in soil samples. 
Phosphate, arsenate and germinate were determined votammetrically in aqueous 
solutions at a glassy carbon electrode using flow injection analysis (Fogg and 
Bsebsu, 1981b, Fogg et al., 1983). The procedure employs direct injection of the 
pre-formed phosphomolybdate of the phosphate into carrier molybdenum reagent 
(1982). 
The analytical methods available for the determination of phosphate can also be 
applied for the determination of inorganic phosphonate, provided that suitable pre-
treatment steps to convert inorganic phosphonate to phosphate are employed. 
Flow injection systems for the indirect determination inorganic phosphonate in 
fertilizers has been described by Gomes Neto et al (2000).  Simultaneous 
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determination of inorganic phosphonate and phosphate in flow injection analysis in 
which the phosphonate ion was oxidised to phosphate prior to detection was 
reported by Dametto et al (2007), and Baba et al (1984, 1985) described the 
application of parallel (1984) and serial (1985) detection systems for simultaneous  
determination of the analytes.  
Differential pulse polarography is one of the early techniques to be applied  to the 
determination of glyphosate but no detection has been reported for 
aminomethylphosphonic acid, the main degradation product of glyphosate 
(Bronstad and Friestad, 1976, Friestad and Bronstad, 1985). 
The application of voltammetry to various environmental samples has been also 
increasingly published such as square wave voltammetry (Teofilo et al., 2004) and  
linear sweep stripping voltammetry (Qiu et al., 2007),  and the factors involved in 
the optimization process comprised the voltage step, amplitude, frequency, 
concentration of the supporting electrolyte and area of the mercury drop electrode. 
A 25 full factorial design was used to evaluate the factors that affect the 
voltammetric determination of glyphosate, and three factors (drop size, amplitude 
and frequency) were found to be most important.  (Teofilo et al., 2004). A 
substantial increase in sensitivity was observed for glyphosate determination after 
using this procedure. Ni and Kokot (2008) have suggested that chemometric 
techniques can enhance the performance of electrochemical analysis. 
Table 2-7 shows the electroanalytical methods other than those incorporating flow 
injection analysis, which are used for the determination of glyphosate, inorganic 
phosphonate and orthophosphate. 
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2.5.2.1 Voltammetry 
The term Voltammetry (Kolthoff and Laitinen, 1940) is applied to a group of 
electroanalytical techniques in which current (ampere) that flows between the 
working and counter electrode through an electrochemical cell is measured, as the 
potential (volt) applied to the electrodes in the cell is varied with the time. It is derived 
from the unit of electrical parameters measured- volt-am (pere)-metry. 
The essential difference between voltametric and other potentiodynamic  techniques, 
such as constant current coulometry, is that in voltammetry an electrode with a small 
surface area (<10-5m2 ) is used to monitor the current produced by the species in 
solution reacting at this electrode in response to the potential applied to it. 
Because the electrode used in voltammetry is so small, the amount of material 
reacting at the electrode can be ignored. This is in contrast to the case in coulometry 
where large area electrodes are used so that all of the species in the cell may be 
reduced or oxidised.  
 
Figure 2-16:  (a) Apparatus for voltammetry with a two-electrode cell  appropriate for use in 
solutions of low resistance and microelectrodes. (b) Apparatus for voltammetry with a three-
electrode cell. In practice a potentiostat that automatically controls the potential of the working 
electrode with respect to a reference electrode is used (Adams et al., 2000).  
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Cyclic voltammetry (CV) can be used to study qualitative information about 
electrochemical processes under various conditions such as the presence of 
intermediates in oxidation-reduction reactions and the reversibility of a reaction. CV 
can also be used to determine the electron stoichiometry of a system, the diffusion 
coefficient of an analyte and the formal reduction potential, which can be used as an 
identification tool. In addition, because concentration is proportional to current in a 
reversible Nernstian system, the concentration of an unknown in solution can be 
determined by generating a calibration curve of current vs concentration. 
Cyclic Voltammetry (CV) is a powerful tool for a fast overview usually to investigate 
the electrochemical characteristics of the system (Amemiya and Bard, 2000). 
Typically one obtains a current–potential (i vs. E) curve in a solution of the 
compound(s) of interest in a solvent and supporting electrolyte of choice at an inert 
electrode, typically Pt, as the potential of the electrode is swept with time at a scan 
rate (?). ? is the scan rate which is measured in V/s.  
The resulting voltammogram (Figure 2-17) indicates characteristic peaks showing 
the reduction and oxidation processes in the system in a well-behaved system, 
where the electron transfer reactions at the electrode are rapid (Nernstian systems). 
The peak potential is independent of sweep rate and is related to the polarographic 
wave potential by  
)8(255.28109.1 CatmVE
F
RTEE PP
οο ±=±=  
Typically, for a one-electron reaction (n-1) where the reactant and products have 
essentially the same diffusion coefficients (D), where Ep is the peak potential,  and 
the positive sign applies to the cathodic (reduction) process and the negative sign to 
the anodic one (i.e., E° is slightly smaller in magnitude than Ep.  
One can also obtain the D value (in square centimetre per second) from the peak 
current ip (in amperes), when the concentration of reactant, C* (in moles per cubic 
centimetre), is known, from the equation 
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Figure 2-17 : Cyclic voltammogram of mM PM 597 in 0.1M TBAPF6 in MeCN at platinum 
electrode with scan rate 200mV/s .(Jacobsen, 2003)  
( ) )9(211069.2 5 vADCip ∗×=  
Where A is the electrode area (cm2) and ? is in volts per second. The stability of the 
products can be assessed from the CV waves. The existence of waves on scan 
reversal demonstrates that the product, e.g., A?• formed by reduction of A, is 
deoxidised on the reverse scan. If A?• were unstable in the time it takes to traverse 
the wave at v, the reverse wave would be absent (and the cathodic wave would be 
shifted to less negative potentials). 
The introduction of electron spin resonance (ESR) (Geske and Maki, 1960) enabled 
the study of electro-generated species by placing the electrode directly into a cell in 
the cavity of the spectrometer. These ESR and electrochemical studies pointed to 
the importance of radical ions in organic reactions at a time when most organic 
chemistry was still being described in terms of “pushing electron pairs”. In fact, many 
aromatic compounds were shown to form quite stable radical anions and cations.  
Interest in generating these species led to the study of the annihilation reactions 
between radical cations and anions generated at an electrode (Chandross et al., 
1968, Hercules, 1969). 
For further readings of this topic the reader is advised to look at  Bard and Faulkner 
(1980).  
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The following section describes briefly 31P NMR spectroscopy for the determination 
and speciation of environmental phosphorus in various matrixes. 
2.5.3 Phosphorus 31P NMR 
Because of its large gyromagnetic ratio and 100% natural abundance, phosphorus-
31 is easily detected by NMR spectroscopy (Wilson, 1987, Tate and Newman 1982, 
Hawkes et.al, 1984). The first application of 31P NMR spectroscopy was published in 
1980 (Newman and Tate). Since then, 31P NMR spectroscopy has become a major 
research tool for the study and analysis of environmental phosphorus compounds 
both organic and inorganic.  
In order to use 31P NMR spectroscopy in quantitative analysis, it is important that 
there is no loss of signal from line broadening and no differential saturation of peaks 
(Hawkes et.al, 1984). The presence of paramagnetic ions, which include Fe and Mn 
can influence the result of the NMR spectroscopy by increasing line broadening and 
shortening the relaxation time. As a result, the peaks that would otherwise be well 
resolved can overlap, possibly masking some P compounds. Therefore the effect of 
paramagnetic ions must be well understood before accurate conclusions can be 
drawn from 31P NMR experiments from environmental samples. 
A study by Cade-Menun and Preston (1996)  of phosphorus compounds with NMR 
spectroscopy identified different phosphorus species (both organic and inorganic) 
such as orthophosphate, pyrophosphate, polyphosphate, phosphonate, 
orthophosphate monoesters (e.g., inositol phosphate) and orthophosphate diesters 
(e.g., phospholipids and DNA). A summary 31P NMR spectroscopy study of 
phosphnates in vaeous matrixes is reported in Table 2-8  
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Table 2-8: NMR spectroscopy for the determination and species of phosphorus 
compounds in natural and biological samples.  
species Detection Sample matrix References 
Glyphosate  31P Biological cell Lipok et al. (2009) 
Glyphosate 1H Human serum Cartigny et al. (2008) 
Glyphosate 31P Waste water Lipok et al. (2007) 
Glyphosate 1H and 31P Biological fluid Cartigny et al. (2004) 
Glyphosate 31P Human specimens Dickson et al. (1988) 
Glyphosate 15N, 13C Bacteria Jacob et al. (1985) 
    
Inorganic 
phosphonate 
31P Biological fluid Metcalf and Wolfe (1998) 
Inorganic 
phosphonate 
31P Biological McDonald et al. (2001c) 
Inorganic 
phosphonate 
31P water Yoza et al. (1994) 
Inorganic 
phosphonate 
31P Biological Niere et al. (1990) 
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3 
3  UV degradation of phosphorous acid, glyphosate, and   
aminomethylphosphonic acid using NMR as the 
detection method 
3.1 Introduction  
This chapter details the systematic investigation of ultraviolet degradation of two 
commonly used phosphonates: organic glyphosate (Glyph), and inorganic 
phosphonate (aka phosphite or phosphorous acid (Phi)). In addition, this study also 
considered the degradation of aminomethyl phosphonic acid (AMPA), which is the 
main degradation product of glyphosate in the environment.  
Solutions of each of the phosphorus species were exposed to the Sun, and to high 
and low pressure mercury lamps for up to a maximum of six weeks. The influence of 
iron at concentrations approximately equivalent to those often found in river waters 
was also investigated. The experiment was conducted at a range of pH values 
designed to cover the broad range of pH values which typically occur in the natural 
environment.  
The changes in the concentration of the parent compounds (glyphosate and 
phosphorous acid) through the degradation process, and the emerging degradation 
products, AMPA and phosphate (Pi) were monitored over the period of time using 31P 
nuclear magnetic resonance (NMR) spectroscopy.  
The results of this study showed that photolytic degradation of all species tested 
occurs to some extent, which is discussed in detail in this chapter. 
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Introduction to 31P NMR spectroscopy    
 
31P NMR spectroscopy is a powerful technique because it can detect a range of P 
compounds all at the same time based on their magnetic properties. Another quality 
of NMR spectroscopy is that it does not destroy or change the nature of the samples, 
so the samples can be subjected to further analyses.  
The first application of phosphorus 31P NMR spectroscopy in environmental samples 
was published by Newman and Tate (1980). Since then, 31P NMR spectroscopy has 
become a major research tool for the study and analysis of environmental 
phosphorus compounds both organic and inorganic.  
Some nuclei possess a property known as spin and, as a result, they possess a 
magnetic moment. If a sample containing such nuclei is placed in a magnetic field 
(B0) the nuclei orientate with or against the direction of the field, B0. 
Those nuclei oriented with the field are at lower energy (E) than those oriented 
against. The difference between the two energy levels, ?E, depends on the magnetic 
field experienced by the nucleus and the gyromagnetic ratio (a constant property) of 
the nucleus.  
If a radio-frequency (RF) pulse frequency (υ ) is applied to the sample in the magnetic 
field Bo, where ?E = υh , some of the nuclei absorb energy and flip from one 
orientation to the other. 
As they relax back to equilibrium they emit an RF signal of frequency (υ res) which is 
equal to frequency that excited them initially. 
The magnetic field experienced by the nuclei (Bexp) is influenced to a tiny amount by 
the chemical environment of the nuclei. The resonance frequencies (υ res) are 
therefore also influenced a tiny amount by the chemical environments. For example, 
the resonance frequencies of two phosphorus nuclei in different chemical 
environments in a 7T field are around 120 MHz and might differ by only 600 Hz. 
Because of these small differences and because the resonance frequencies will differ 
between instruments that use different magnetic fields, resonance frequencies, as 
such, are not usually reported, instead, the “chemical shift” is used to characterize 
the signal of the nucleus.    
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Chemical shift can be expressed as the difference between resonance frequency of 
the nucleus (υ res) and that of a reference standard (υ ref). However, it is usually 
reported as a fraction of the resonance frequency of the standard (υ ref) as shown in 
equation (1) below. This value (?) is usually in the order of 10-6 and therefore is 
multiplied by 106 and expressed as parts per million (ppm).  
( )[ ]refrefres νννδ /−=           (1) 
For 31P NMR the reference standard is 85% H3PO4. Secondary references such as 
methylenediphosphonic acid (MDPA) are often used when running 31P NMR spectra 
because the signal of 85% H3PO4 is broad and may obscure other peaks in the 
spectrum  
Previous NMR studies of phosphorus compounds by Nanny (1997), Koopmans et al. 
(2007) and Cade-Menun (2005) reported  that the chemical shifts of different organic 
and inorganic phosphorus species of environmental interest fall between 25 and -25 
ppm. Orthophosphate appears between  0-7 ppm, pyrophosphate  between -3.5 to    
-1.7 ppm, polyphosphate at -19.5 to 22.3 ppm, alkyl phosphonates at 18.9-19.30 
ppm, orthophosphate monoesters (e.g., inositol phosphate) at 4.1-5.5 ppm and 
orthophosphate diesters (e.g phospholipids and DNA) at -0.9 to -1.7 ppm (Cade-
Menun and Preston, 1996, Nanny et al., 1997). Thus it is possible to distinguish 
between some P species based solely on their chemical shift.  
For phosphorus nuclei, in particular those in ionisable species such as phosphate, 
the pH of the sample can also affect the chemical shift.  
As well as the chemical shift, the fine structure of the signals can be used to assign 
peaks to a specific compound. Nearby magnetic nuclei influence each other, 
changing their energy and hence their resonance frequency. Hydrogen nuclei up to 
two and three bonds away can affect the P signal. This can split the P signal into two 
or three or more peaks depending on the number of hydrogen nuclei involved. One H 
neighbour will split a P signal into two (doublet), two H neighbours will split the signal 
into three (triplet).  The magnitude of the interaction is reflected by the distance in 
(Hz) between the peaks in the doublets or triplets. This is referred to as the coupling 
constant (J). For example, the 31P signal of the phosphonate ion HPO32- is a doublet 
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with1JHP = 568 Hz (one bond coupling). In glyphosate HO2CCH2NHCH2PO3H2, the 
31P signal is a triplet with 2JHP = 11 Hz (two bond coupling).  
The splitting effect of nearby 1H nuclei can be removed by irradiating them during 
acquisition of the phosphorus signal. This is known as decoupling, hence 31P NMR 
spectra can be obtained as coupled (showing 1H splitting) or decoupled (no 1H 
splitting) spectra. In 1H-decoupled spectra, if the only neighbouring magnetic nuclei 
are hydrogen, singlets will be obtained. In this study all 31P spectra were run coupled, 
since instrumental limitations resulted in incomplete decoupling and production of 
small artefact peaks throughout the spectrum. 
If the NMR experiment is set up properly, the area underneath a peak will be 
proportional to the number of nuclei producing that peak.  
Because NMR signals are very weak, many cycles of radio-frequency (RF) pulses 
must be applied to the sample in the magnetic field to achieve an acceptable level of 
signal-to-noise for the quantitative purposes. 
 
Figure 3-1: Diagram of NMR experiment showing pulse and acquisition cycles.
 
However, a reasonable time must be given between the RF pulses to allow the spin 
system to relax to equilibrium before a new RF pulse is applied again. If nuclei do not 
fully relax to their original equilibrium state between the RF pulses, the system 
becomes saturated. This result in a decrease in the signal obtained from subsequent 
pulses. Some nuclei relax faster than others and, if accurate quantitative results are 
required, a delay time sufficient for all nuclei to relax equally is essential.  
If the acquisition time (AT) in Figure 3-1  is insufficient to allow relaxation back to 
equilibrium, a delay time between the end of each acquisition and the next pulse 
should be included.  
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Details of the experimental procedure for the photodegradation of the pesticides 
under investigation, and the results obtained from the experiments using 31P NMR 
spectroscopy, will be described in the next sections. 
3.2 Experimental  
3.2.1 Chemicals  
Glyphosate [(N-phosphonomethyl)glycine] (glyph) 98% and its major metabolite, 
aminomethylphosphonic acid (AMPA) 99%, phosphorous acid 99% and 
methylenediphosphonic acid 99% were purchased from Sigma-Aldridge, USA.  
3.2.2 Instrumentation 
3.2.2.1 UV-Vis spectrophotometry 
The Absorption spectra of P-species were recorded with a double beam Cary1 
spectrophotometer using quartz cells with path lengths of 1 cm. The 
spectrophotometer was connected to a computer equipped with Cary100 Software. 
3.2.2.2 Ultraviolet reactor  
The UV reactor was an RPR-100 (Southern New England Ultra Violet Company, 
USA), compact model 16 inches high and 12 inches square equipped with Ultraviolet 
lamps, and cooling fans. The fans are controlled by switches on the control panel. It 
operates on 110/277V, 50/60 cycle with a total power consumption of approximately 
400 watts. 
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Figure 3-2 Schematic diagram of the ultraviolet reactor (A), and sunlight irradiation (B)  of the 
solutions on the roof top of a 5 story building at RMIT in the central business district of 
Melbourne 
The ultraviolet reactor was equipped with four UV lamps. Two low (245 nm) and two 
medium (300 nm) pressure mercury lamps. No water cooling is required. Normal 
operating temperature is approximately 30ºC with a fan in operation. Without the fan, 
the temperature is approximately 60-70ºC. The Model 100 is equipped with 2 built-in 
support rod holders that accept standard 1/2 inch laboratory rods, a Merry-Go-Round 
unit which holds up to 8 samples for equal irradiation at one time at 5 RPM. A cooling 
fan was installed to lower the temperature to 30ºC. 
3.2.2.3 Ultraviolet sources 
 Most of the photochemical reactions are carried out in the UV regions 200-300 nm 
and 300-400 nm. Two low (254 nm) and two medium (300 nm) pressure mercury 
lamps of identical dimensions providing an intense source of ultraviolet light, (approx 
1.51 × 1018 and 1.28 × 1018 photons/sec/cm3 at 300 and 254 nm respectively) were 
used. Life expectancy of the lamps was about 3000 hrs operating time. The intensity 
readings in ?W/cm2 of the light at wavelength 300 nm at three different distances 
from the light source are reported below.  
According to the manufacturer’s specification, the energy per day of 300 nm at 5 cm 
from the lamp is 1.38 × 106 mJ/cm2. Whether this is sufficient to bring about direct 
transformation will depend upon the nature of the molecule and the bond strength. 
A B 
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Sunlight 
The intensity of solar radiation is proportional to the sine of the angle A of elevation of 
the Sun above the horizon. Thus, the intensity is the highest when the Sun is directly 
overhead (A = ?/2) and decreases to zero at sunrise and sunset. This is thought of in 
terms of power per unit area. The typical units of the solar energy are mW/cm2, and 
the nominal value of the solar constant on the earth’s surface is 137 mW/cm2. This 
value corresponds to the noon when the Sun is directly overhead. 
The total solar energy per square centimetre received each day during the summer 
months of the sun irradiated experiment was calculated using Equation (2). 
)/*3600( πσ DD TE =    (2) 
Where Dσ  is the nominal value of the solar constant on the earth’s surface and DT  is 
the length of the day (time in hours from sunrise to sunset without taking into account 
the refraction of the earth’s atmosphere). But as noted above, the Sun moves East-
West through the course of the day and North-South through the course of the year. 
Thus, the value of solar constant (see appendix A1) of any particular day during the 
experimental period can be calculated with equation 3.  
)(cos)/137( 2 θσ −= LcmmW
   (3) 
Where L is latitude and θ  is the sun’s position south of the equator from December to 
March. 
The time of the day in hours from sunrise to sunset was calculated with the equation 
(4). 
.)})(tantanarccos{()/24( hrLTD θπ −=    (4) 
Wavelength (nm) From the centre  5 cm from lamps 3.8 cm from lamps 
300 12800 ?W/cm2 16000 ?W/cm2 21000 ?W/cm2  
254 12815 ?W/cm2 16019 ?W/cm2 21025 ?W/cm2 
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Where θ  is the Sun’s position south of the equator (the solar declination) and L is the 
observer’s latitude (NASA, 2011). The sunlight energy to which the samples were 
exposed per day, calculated without considering any cloudy period during the months 
of the experiment, was 1.74 × 106 mJ/cm2. However, this comprises the total of the 
UV bands A, B and C in the solar radiation, and the percentage of each band is UV A 
6.3%, UV B 1.5% and UV C 0.5%. Multiplying the total solar radiation by the sum of 
the percent total UV provides an estimate of the total UV energy to which the 
samples were exposed (0.144 × 106 mJ/cm2). The ratio of the lab Sun to UV 
irradiation was 0.104. In other words the UV energy from the sunlight would be only 
about 10% of the lab UV. 
3.2.2.4 Reaction vessels 
Pyrex glass is recommended (Watzke, 1996) and employed despite the fact that 
earlier studies (Choudhry and Webster, 1985), reported that it absorbs some 
wavelengths and transmits less than 1% of the radiation from wavelengths shorter 
than 290 nm. However, technological advances made in the last three decades in the 
design and manufacturing of the Pyrex glasses, have markedly improved the glasses 
so that  the optical transmittance of borosilicate glasses at wavelengths between 
190-330 nm is over 80% (Watzke, 1996, Acra et al., 1990). 
 
Figure 3-3: Optical transmission of Pyrex glass (UV 190-330 nm). 
Theoretically, the amount of UV energy which could pass through the glass and 
cause the degradation of the pesticide, is about 1.10 × 106 mJ/cm2 and 1.15 × 105 
mJ/cm2 for the lab UV and sunlight respectively. In principle, it is more desirable to 
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use quartz because it is transparent to UV light, but Pyrex glass is usually preferred 
for photolytic experiments because it is much cheaper than quartz. 
3.2.2.5 NMR spectroscopy 
All 31P NMR experiments were performed at 298K, using a Bruker Avance 300 MHz 
NMR spectrometer equipped with a 10 mm probe, with a 31P operating frequency of 
121 MHz. Spectra were run using 90° pulses and 5 s delay time. This delay time 
allowed sufficient relaxation of 31P nuclei between pulses, which was confirmed by a 
detailed study of relaxation times of P compounds in various extracts (Cade-Menum 
et al., 2002, McDowell and Stewart, 2005). Each spectrum consisted of 4000-7500 
scans collected over a 6-12 hr period in order to obtain an adequate signal to noise 
ratio.  
As noted earlier, 31P chemical shifts ( )δ  are reported relative to the signal of 85% 
H3PO4. However the 85% H3PO4 signal is broad and secondary standards such as 
methylenediphosphonic acid (MDPA) are used to establish 31P chemical shifts. 
Consequently a coaxial capillary tube containing 0.25 M MDPA was placed inside the 
10 mm NMR tube within the sample solution. The chemical shift of this standard was 
set to 16.85 ppm relative to 85% phosphoric acid.     
Spectra were acquired for phosphonates (both organic and inorganic) with coupling 
of protons to phosphorus nuclei. Hence the signal of the MDPA reference appeared 
as triplet, and that of the inorganic phosphonate appeared as a doublet.   
Raw data were processed with Mestrec23 NMR data processing software 
(Universidad de Santiago de Compostela, Spain) using a line broadening parameter 
of 5 Hz to improve the signal-to-noise ratio. 
As well as serving as a chemical shift reference, the MDPA reference capillary was 
also used to calculate the concentrations of the different P-species in sample 
solutions. To do this, the area of the reference MDPA peak was standardized against 
a set of KH2PO4 solutions of accurately known concentrations (FigureA1-1). The 
relative area of the reference signal and the analyte signal were then used to 
calculate the concentration of each of the analytes. 
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With exception of the phosphate standard solutions, all samples were prepared for 
NMR by adding 0.625 mL of sample solution, 1.5 mL of D2O (for field frequency lock) 
and 0.5 mL EDTA (to chelate any paramagnetic ions which would otherwise broaden 
the signals).  Where possible the final volume was adjusted to 3.0 mL (volumes 
greater than this were measured and recorded). This volume resulted in a 
concentration of the P-species being tested of approximately 5 mM within the NMR 
tube. The 5 mM was chosen to give an acceptable signal-to-noise ratio (S/N) in a 
reasonable time. 
3.2.3 Procedures 
The experiment was designed to simulate a range of real environmental pH 
conditions. Solutions of glyphosate, aminomethylphosphonic acid and inorganic 
phosphonate of concentrations between 16-20 mM were prepared by dissolving the 
required amount of each compound in MilliQ water. Each solution was prepared at 
three different pH (4, 7, and 9), aqueous solutions of NaOH and HCl were used for 
pH adjustment. For each pH, one solution was used for the control (dark) experiment, 
two solutions were used for the UV experiment with and without Fe(II) present. The 
Fe(II) concentration was 4 μM, a typical concentration found in most soils (Lesueur et 
al., 2005). An identical set of solutions was prepared for the outdoor experiment and 
exposed to natural sunlight. A 25 mL aliquot of each solution was placed in either 
Pyrex 30 mL test tubes or 25 mL volumetric Pyrex flasks. The test tubes were placed 
in the reactor using a Merry-Go-Round unit sample holder and the solutions in the 
volumetric flasks were used for the outdoor experiments. In the outdoor experiment 
run in the summer months from February 1st to early March 15th of 2006, solutions of 
the pesticides (glyphosate, AMPA, and inorganic phosphonate) at various pH were 
exposed to sunlight on the roof top of a 5 storey building at RMIT in the central 
business district of Melbourne. During this time, the temperature varied from the 19ºC 
at night (lowest) to 33ºC during the day (highest). All containers in the lab and outside 
were closed to avoid any loss of water to evaporation. 
Solutions were irradiated either under sunlight or continuously in the UV reactor. 
Aliquots (0.625 mL) of the samples were collected at regular intervals without 
removing the solution from the light source. A second set of solutions was kept in the 
dark over the duration of the experiment. Aliquots of the samples were taken from the 
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solutions kept in the dark at the same time as aliquots were taken from the irradiated 
solutions. 
3.2.3.1 Calculations 
31P NMR spectra were obtained from a series of standard phosphate solutions all 
containing the same MDPA reference capillary. The phosphate standards were 
prepare by dissolving with DI the required amount of KH2PO4 in 25 mL volumetric 
flasks and then adjusting the pH to 9 using dilute HCl or NaOH. D2O was added as 
described in the previous section.  
 In each spectrum, the area of MDPA peak was set arbitrarily to 100 units and the 
area of the phosphate peak of each standard solution was recorded. As expected, a 
straight-line graph of peak area vs phosphate concentration was obtained from the 
data.  
)5(49.6 xy =  
This produced equation (5) where y is the peak area and x is the concentration of P-
species. The same capillary (area again set to 100) was used when the 31P spectra 
of the irradiated and non-irradiated samples were run. Concentrations of the different 
species in the NMR solutions could then be calculated using the area under the peak 
arising from each species and the equation (5) derived from the phosphate 
calibration curve. After taking into account the dilutions performed during preparation 
of the NMR samples, the concentrations of each species in the experimental sample 
solutions were calculated. 
3.3 Results and Discussion 
3.3.1 UV absorption  
Figure 3-4 presents two sets of absorption spectra of the phosphorus species, 
glyphosate (Glyph), aminomethylphosphonic acid (AMPA), and inorganic 
phosphonate (Phi) at various pH (4, 7and 9).  
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The solutions were exposed to UV light for a maximum period of six weeks (A) 
without Fe(II), (B) with Fe(II). As shown in (A), these phosphorus species in the 
solution do not have a strong absorption band in the region between λ=254-300 nm. 
This indicates that the production of any degradation products produced during UV 
irradiation is likely to be low or due to another mechanism other than direct UV 
absorption  
In contrast, when Fe(II) was present in the solution, the absorption spectra of 
phosphorus species in that region λ=254-300 nm (B), is enhanced by a factor of 5. 
Presumably this is due to the presence of Fe(II)-P-species complex in the solution. 
The formation of Fe(II)-Glyph and Fe(II)-AMPA complexes has been reported 
previously (Barja and Afonso, 1998, Barja et al., 2001, Freuze et al., 2007). It would 
be expected that these complexes may degrade readily under UV irradiation. In this 
study the formation of Fe(II)-Phi in the aqueous solutions can be inferred from the 
change observed in the UV absorption spectra of Fe(II)-Phi (Figure 3-4). 
3.3.2 31P NMR Analysis 
The main advantage of 31P NMR spectroscopy is that it allows the direct identification 
of phosphorus nuclei in various chemical environments, such as phosphate, 
pyrophosphate, polyphosphate, phosphate monoesters, (inositol phosphates, sugar 
phosphates), phosphate diesters (nucleic acid, phospholipids) and phosphonates,  
Solutions of pesticides were subjected to UV irradiation from different sources at 
different pH. 
As noted earlier, signals from phosphorus nuclei may be split into multiple peaks, 
depending on the number of non-acidic hydrogen atoms within 3 bonds of the 
phosphorus atom (e.g. a doublet for one H and a triplet for two H atoms). The 
magnitude of the signal splitting (J) is strongly influenced by the number of bonds 
separating the P and H nuclei. In inorganic phosphonate there is only one hydrogen 
atom that is directly bonded to the phosphorus and the signal is split into two with a 
very large coupling constant J = 568 Hz. In glyphosate, AMPA and the reference 
signal (MDPA) the two hydrogen atoms are not directly bonded to the phosphorus 
and the signal splits into a triplet with a J of only 11 Hz.   
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Figure 3-5 shown the 31P NMR spectra of the compounds glyphosate, AMPA, 
inorganic phosphonate and orthophosphate and their respective coupling constants 
and chemical shifts are shown in Table 3-1  
20 15 10 5 0
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 Figure 3-5: 31P NMR 121 MHz spectra of 5 mM glyphosate, AMPA, inorganic phosphonate and 
orthophosphate.  
 
Table 3-1: The chemical shifts and coupling constants of the different P-species solutions 
P-species Chemical shifts δ (ppm) Coupling constant (JHP (Hz)) 
Glyphosate 7.00 11 (two bond coupling) 
AMPA 9.00 11 (two bond coupling) 
Inorganic phosphonate 2.30 568 (one bond coupling) 
Orthophosphate 1.50 --- 
 
Table 3-1 shows the chemical shifts (ppm) and coupling constants (J, Hz) of the P-
species studied in this project. The data in the table were determined from solutions 
of the pure P-species as supplied by the manufacturer. The multiplicities of the peaks 
and their chemical shifts were used to identify the peaks in the spectra of the treated 
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solutions. The peak at 16.85 ppm is due to the methylenediphosphonic acid MDPA, 
standard. 
In the following sections, the results for the pesticides treated at pH 4, 7 and 9 are 
described separately. 
Glyphosate at pH 4 
Glyphosate solutions were subjected to UV irradiation as described in experimental 
section 3.2.3 in this chapter and then analysed using 31P NMR (section 3.2.2.5). The 
results obtained from the NMR analysis are presented and discussed below. 
Solutions kept in the dark 
No change was observed over the period of the experiment in any of the solutions 
kept in the dark either with or without the presence of Fe(II). 
UV irradiation in the laboratory and in the sunlight. 
At pH 4, after glyphosate was subjected to UV radiation in the lab for two, four and 
six weeks, two new peaks at 1.5 ppm and 9 ppm were observed (Figure 3-6 B 
without Fe(II)) and C with Fe(II)). 
The 31P NMR spectrum of the sample after two weeks of exposure  showed that the 
concentrations of the two degradation products were about a third of that of the 
parent compound. Analyses after four and six weeks exposure showed further 
increases in the concentrations of the degradation products, while the concentration 
of the glyphosate decreased. 
This is evidence that the herbicide glyphosate is photo-degradable in environmental 
waters at low pH, which is contrary to the widely held belief that it is resistant to 
photo-degradation in the environment (Rueppel et al., 1977, Hasegawa et al., 1977, 
Zaranyika and Nyandoro, 1993). 
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Figure 3-6 shows the 31P NMR spectra of the glyphosate solutions associated with 
the irradiation experiments at pH 4. The 31P NMR spectra are stacked in a time 
series. The initial concentrations of glyphosate were slightly different due to the 
dilution process when adjusting the pH. 
 Other than the MDPA standard, the only signal present in the control spectrum (A) is 
a triplet at 7.00 ppm which is due to glyphosate. The triplet observed in Figure 3-6 (B) 
and (C) spectra at 9.00 ppm was assigned to AMPA. The singlet at 1.50 ppm was 
identified as orthophosphate. The signal for glyphosate (7.00 ppm) was markedly 
reduced due to the degradation process. 
Table 3-2 shows the concentrations of the species in the glyphosate solutions 
irradiated with UV over different times with and without Fe(II) at pH 4. The laboratory 
experiment was repeated at least three times, in order to check the reproducibility of 
the data. The outdoor experiment was carried out only once. 
The results show that there is little variation between the data from the replicate 
experiments. For example, in the first two weeks, the average precent degradation of 
glyphosate was 34 ± 1 (Table 3-2). At the end of fourth and sixth weeks this value 
has increased to 47 ± 2 and 67±3 respectively. 
In the presence of Fe(II) after two weeks of irradiation the average percent 
degradation of glyphosate was 69 ± 1%. These results show (Table 3-2) that the 
degradation rate was greater in solutions containing Fe(II).  
A slight pH decrease was also observed for glyphosate reaction systems, particularly 
in the acidic pH. This reduction in pH was most likely due to production of carbon 
dioxide as a result of the mineralisation of glyphosate into smaller inorganic species 
such as NO3-, PO43- and CO2 (Huston and Pignatello, 1999, Echavia et al., 2009) 
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Figure 3-7 31P NMR spectra of glyphosate (A), sun-irradiated without Fe(II) and (B) sun-
irradiated with Fe(II) at pH 4.  The spectra are stacked in a reaction-time series of 2, 4 and 6 
weeks. MDPA capillary (Ref), Glyph, AMPA, and Pi.  
Figure 3-7 shows 31P NMR spectra of (A) the sun-irradiated glyphosate at pH 4 
without Fe(II) and (B) with Fe(II). The spectra show similar trends to the spectra of 
the UV-irradiated solutions in Figure 3-6.  The signal intensities of the degradation 
products forming at two, four, and six weeks have increased and the signal from 
glyphosate has decreased. The difference between degradation behaviours of the 
UV-lab and sunlight-irradiated solutions can be attributed to the different amounts of 
energy exposure. As mentioned earlier, the amount of UV energy applied to the 
solutions in the lab experiment was ten times greater than that from the sunlight. If 
the rate of the degradation is proportional to the amount of energy received, then the 
degradation rate under UV would have been expected to be ten times that under 
sunlight. 
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A point of worthy to consider is that the glyphosate system in the lab was irradiated 
with a UV source constantly, 24 hrs per day, throughout the experimental period, but 
amount of sunlight available was restricted to daytime hours and reduced by cloudy 
periods. The amount of radiation expected from sunlight took into account the night 
time hours, but did not account for cloudiness. Therefore the calculated exposure to 
UV irradiation from sunlight is likely to be overestimated. Nevertheless, the amount of 
degradation observed in the samples exposed to sunlight was higher than expected 
given that the calculated amount of energy was only about 10% of that of the 
radiation expected from the UV lamps. This would suggest that there may be some 
photolytic activity associated with the longer wavelengths coming from the Sunlight. 
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 Figure 3-8 shows the loss of glyphosate under UV irradiation and the formation of 
degradation products AMPA and phosphate with time. In Figure 3-8 (A) UV-irradiated 
and (C) sun-irradiated solutions of glyphosate without the Fe(II), the concentration of 
glyphosate follows a steady decline and the production of AMPA and phosphate is 
increasing steadily. 
Glyphosate at pH 7 & 9  
The pH played a major role in the degree of degradation of glyphosate. Figure 3-9, 
which shows glyphosate solutions under UV irradiation at pH 7 and 9, indicates that 
very little degradation product was formed even after 42 days. In contrast to the 
experiments conducted at pH 4s.   
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Figure 3-9: Plot of glyphosate, AMPA and Pi concentrations (mM) versus time (days). A: UV 
irradiated at pH 7  and B: UV-irradiated at pH 9. 
The presence of Fe(II) had no effect on the result (see appendix 1 figure A1-8) at pH 
7 or 9. 
For the sunlight experiment at pH 7 and pH 9 no degradation was observed.  A 
reduction of pH was also observed in these glyphosate solutions as mention earlier in 
pH 4 section. 
It is well known that in the soil, bacteria degrade glyphosate to AMPA and phosphate 
(Liu et al., 1991, Al-Rajab and Schiavon, 2010, Newton et al., 1984, Carlisle and 
Trevors, 1988). The mechanism and the degradation rate depends upon many 
environmental factors. Newton et al. (1984) found the degradation product AMPA 
consistently in foliage in a forest treated with 3.3 kg/ha of glyphosate. They 
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suggested that the AMPA degradation product was the result of bio-degradation of 
glyphosate in the plant. However, based on the results above, it is also possible that 
the presence of AMPA is a consequence of photolytic degradation of glyphosate on 
the leaf surface, rather than glyphosate degradation within the leaf. These authors 
extracted the leaves of the plant. However, it is unclear whether the AMPA was 
present within the plant material or on the surface of the leaves since, the authors did 
not specify when they washed the leaves prior to extraction.   
Aminomethylphosphonic acid (AMPA) at pH 4  
It has been shown by numerous reports that AMPA is the principal degradation 
product of glyphosate in water at various pH (Lund-Hoeie and Friestad, 1986, Huston 
and Pignatello, 1999). This product may undergo further degradation to products 
such as CO2, NH3, NO3- and Pi (Echavia et al., 2009). In order to explore the 
sequence of the photolytic reactions leading to the observed products in degradation 
of glyphosate, standard solutions of AMPA were irradiated with both UV-light (in the 
lab) and sunlight (on the roof top). 
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Figure 3-10 shows 31P NMR spectra of UV-irradiated AMPA solutions at pH4, (A) 
control solution, (B) UV-irradiated solutions without Fe(II) and (C) UV-irradiated with 
of Fe(II). The signal at 9.00 ppm spectra (A) was assigned to AMPA as noted earlier. 
An additional singlet peak at 1.5 ppm appeared in the spectra B and C and was 
assigned to orthophosphate.  
The sunlight-irradiated solutions of AMPA produced no degradation product in the 
absence of Fe(II), but in the presence of Fe(II) a very small amount of 
orthophosphate was observed. It may require an exposure time of greater than six 
weeks to produce significant UV-induced degradation of AMPA.  
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The UV-irradiation of solutions of AMPA with Fe(II) at pH 7 and 9 produced a white 
precipitate at bottom of the reaction container. A similar phenomenon was observed 
upon irradiation of inorganic phosphonate in the presence of Fe(II) at pH 7 and 9. 
This supports the previous work of Huston and Pignatello (1999) who reported that at 
higher pH, iron precipitates as oxyhyroxides. 
Similarly, Feitknecht and Schindler  (1963) reported the formation of amorphous 
white solid of FePO4 in aqueous solutions. This is probably due to Fe(II) being 
oxidised to Fe(III) in the presence of dissolved oxygen (see equation 6). Fe(II) in turn 
reacts with hydroxide and PO43- to form Fe(OH)2+, Fe(OH)2+, and FePO4.  
)6()(2)(2 )(,)( aqoxygendissolvedhvaq IIIFeIIFe ⎯⎯⎯⎯⎯ →⎯  
These reactions may reduce the concentrations of iron available to participate in the 
degradation process. 
AMPA at pH 7 and 9 
At pH 7 and 9, irradiated AMPA solutions with and with presence of Fe(II) did not 
degrade, although some white precipitate at the bottom of the reaction vessel was 
observed (see appendix figure A1-5 and figure A1-6) for 31P NMR spectrum. 
Degradation of inorganic phosphonate at pH 7 and 9 
The behaviour of the inorganic phosphonate under UV irradiation and sunlight was 
quite different from that of either glyphosate or AMPA under similar experimental 
conditions.  Inorganic phosphonate degraded faster in neutral and alkaline solutions, 
which was the opposite of what was observed for glyphosate and AMPA. 
Since solutions of inorganic phosphonate under UV and sunlight irradiation at pH 7 
and 9 completely degraded to orthophosphate within 2 weeks, the experiments were 
repeated using shorter time intervals.  
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Spectra (Figure 3-11) are stacked in a time series of between three days (3 days) 
and fifteen days (15 days). The 31P NMR spectra of the control series (A) shows only 
inorganic phosphonate, a doublet with centred at 2.4 ppm. In the spectra of irradiated 
solutions (B) without Fe(II), the doublet is replaced with a singlet at 1.5 ppm 
indicating complete degradation to orthophosphate in time series (C) UV-irradiated 
with Fe(II) very little degradation took place. 
Table 3-6: Concentrations (mM) of inorganic phosphonate (Phi) solutions in UV-irradiated with 
or without Fe(II) at pH 7. N/A no analysis was conducted. 
Time 
(days) 
UV % degraded UV+Fe(II) % degraded 
[Phi] /mM [Pi] /mM  [Phi] /mM [Pi / mM]  
0 19.8 0.0 0 20.0 0.0 0 
3 18.1 1.7 9 19.5 0.5 3 
7 9.7 8.4 46 18.3 1.2 6 
11 3.9 5.8 60 N/A N/A N/A 
15 0.0 3.9 100 18.1 1.9 12 
 
Table 3-6 shows the results for the UV-irradiated solutions of inorganic phosphonate, 
with and without the presence of Fe(II) at pH 7. In the absence of Fe(II), after 3 days 
of irradiation, approximately 9% of inorganic phosphonate had been converted to 
orthophosphate. After 7 days, this had increased to 46%. The final analysis after 15 
days showed that 100% had been converted to orthophosphate. However, in the 
same 15 day period, in the presence of Fe(II), only 12% had been converted in the 
presence of Fe(II). 
This shows that the presence of Fe(II) inhibited the UV degradation of inorganic 
phosphonate. At pH 7 with Fe(II) a white precipitate was observed at bottom of the 
container as noted earlier for AMPA at pH4. This white precipitate could be iron-
phosphonate, and if that is the case it would reduce the amount of iron available. 
Similar observations, shown below, were made for the experiment conducted at 
under the natural sunlight. No such observations have been reported in the literature. 
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Figure 3-12 shows the 31P NMR spectra of inorganic phosphonate, the control (dark) 
and sunlight irradiated solutions, with and without the presence of Fe(II), at pH = 7. 
Table 3-7: Concentrations (mM) of inorganic phosphonate (Phi) solutions in Sun-irradiated with 
or without Fe(II) at pH 7. N/A no analysis was conducted. 
Time 
(days) 
Sun  % degraded Sun+Fe(II)  % degraded 
[Phi] / mM [Pi / mM]   [Pi] / mM  
0 17.4 0.0 0 20.0 0.00 0 
3 12.1 5.2 30 20.0 0.00 0 
11 N/A N/A N/A 19.7 0.41 2. 
14 1.2 16.2 93 N/A N/A N/A 
15 N/A N/A N/A 19.6 0.54 3 
28 N/A N/A N/A N/A N/A N/A 
42 N/A N/A N/A N/A N/A N/A 
 
Table 3-7 shows the results of the inorganic phosphonate irradiated with natural 
sunlight. The trend in these results is similar to the laboratory-based UV experiments 
A similar experiment was conducted at pH 9 under UV and sunlight-irradiation. The 
results obtained are presented below. 
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Figure 3-13 31P NMR spectra of inorganic phosphonate at pH 9 (A) control (dark), (B and C) UV-
irradiated, without Fe(II), and (D) with Fe(II). Spectra are stacked in time series MDPA capillary 
(Ref), inorganic phosphonate (doublet (Phi)) and orthophosphate (Pi)  
 
Figure 3-13 shows the results obtained under UV irradiation of inorganic 
phosphonate solutions at pH 9. The doublet (from inorganic phosphonate) in the 
control experiment series (A) shows no change. In contrast, Spectrum B has only 
one singlet which indicates that the inorganic phosphonate completely degraded to 
orthophosphate within the first two weeks under UV irradiation and the spectra was 
included in the result just to show that the degradation was complete in 14 days and 
was reproducible in the repeated experiment. From this experiment, it was realised 
that 14 days was too long to conduct analysis for the degradation product therefore it 
was decided to conduct the analysis in shorter times The Spectra in C show the 
results obtained from a repeat experiment which was analysed between 5 days and 
two weeks of irradiation. The spectra in D present the results in the presence of 
Fe(II). The actual percentages of change are shown in Table 3-8 and Table 3-9 
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Table 3-8: Degradation of inorganic phosphonate (Phi) under UV at pH 9. The concentrations 
are expressed in mM. N/A = no analysis 
UV 
Time (days) [Phi] [Pi] % degraded 
0 19.8 0.0 0.0 
14 0.00 19.7 100 
28 N/A N/A N/A 
42 N/A N/A N/A 
 
Table 3-9: Repeated experiment degradation of inorganic phosphonate (Phi) under UV at pH 9. 
The concentrations are expressed in mM. N/A no analysis 
Time (days)
UV 
%degraded 
UV+Fe(II) 
%degraded [Phi] [Pi] [Phi] Pi 
0 19.8 0.0 0. 19.8 0.0 0 
5 7.4 12.4 63 N/A N/A N/A 
14 0.0 19.8 100 19.3 0.5 3 
28 N/A N/A N/A 18.2 1.0 6 
42 N/A N/A N/A 17.7 1.4 8 
56 N/A N/A N/A 17.3 1.8 10 
 
These results of the repeated experiment indicate that after 5 days of irradiation, 63% 
of inorganic phosphonate had been degraded. This shows the photodegradation of 
inorganic phosphonate is faster at the higher pH. 
Figure 3-14 shows the result obtained sun-irradiated solutions of Phi at pH 9. The 
spectra in (A) show that at the 2nd day degradation amount was negligible, but by 
days 5 and 11 in Table 3-10 22% and 52% of inorganic phosphonate had degraded. 
However, in the presence of Fe(II), even at the end of the 6th week, 3% only of the 
inorganic phosphonate had degraded. 
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Figure 3-14 31P NMR spectra of Phi (A) Sun irradiation without Fe(II) and (B) Sun irradiation with 
Fe(II) at pH 9  Spectra are stacked time series. MDPA capillary (Ref), inorganic phosphonate 
(doublet, (Phi)) and orthophosphate (Pi)  
 
Table 3-10: Degradation of inorganic phosphonate under sun at pH 9  
Time (days)
Sun Sun+Fe(II) 
[Phi] [Pi] %degraded [Phi] [Pi] %degraded 
0 N/A N/A N/A N/A N/A N/A 
2 20.0 0.0 0.0 N/A N/A N/A 
5 15.7 4.4 22 N/A N/A N/A 
11 9.6 10.4 52 N/A N/A N/A 
14 3.2 16.8 84 20.0 0.0 0 
28 N/A N/A N/A 20.0 0.0 0 
42 N/A N/A N/A 19.5 0.5 3.0 
56 N/A N/A N/A 18.5 0.9 5 
 
In all control solutions of Phi no change was observed. Degradation product was 
observed only at pH 7 and 9. The presence of Fe(II) inhibited the degradation of 
inorganic phosphonate at pH 7 and 9. 
In contrast to the organic compounds, the inorganic phosphonate solutions degraded 
at higher pH (7 and 9) with a slight decrease in pH, which is likely to result from the 
hydroxyl oxidation of inorganic phosphonate to phosphoric acid as will be discussed 
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in the proposed degradation mechanism, later. On the other hand, at acidic pH (pH 
4) no degradation of inorganic phosphonate was observed either with or without 
Fe(II) (see Appendix figure A1-7). 
A potential source of hydroxyl radical is from the reaction between Fe(II) and 
hydrogen peroxide, both of which are simultaneously present in many natural waters. 
The hydroxyl radical reacts rapidly with many organic substances in water and is 
therefore a potential oxidant of synthetic and natural organic compounds that are 
resistant to degradation by other processes in natural waters. 
3.3.3 Degradation mechanisms of P-species 
Glyphosate 
A number of possible reaction mechanisms have been proposed in the literature for 
the photodegradation of glyphosate in water. A range of advanced oxidation 
technologies (AOT) (Barrett and McBride, 2005, Nowack and Stone, 2003) have 
been employed to study the degradation and mineralisation of glyphosate. Photolytic 
techniques with TiO2 have been shown to degrade glyphosate and similar 
compounds (Assalin et al., 2010, Echavia et al., 2009, Muneer and Boxall, 2008, 
Shifu and Yunzhang, 2007) as well as the various forms of the Fe(III)/H2O2/UV 
systems (Chen et al., 2007b, Chen et al., 2007a, Lesueur et al., 2005, Huston and 
Pignatello, 1999). 
The study by Echavia (2009) showed that the hydroxyl radical (•OH, with oxidation 
potential 2.8V) is the active species which causes break-down of the glyphosate. In 
this report the effectiveness of AOT to degrade glyphosate and structurally similar 
pesticides into smaller molecules such as AMPA, CO2, NO3-, and PO43- was shown.  
Chen et al (2007a) used the ninhydrin test to show the formation of AMPA during the 
degradation of glyphosate in the AOT ferrioxalate system. (Ninhydrin produces a 
characteristic Ruhemann purple colour in the presence of a primary amine such 
AMPA or glycine). This indicated that the glyphosate undergoes C-N bond cleavage 
to yield AMPA (Figure 3-15). Another report (Assalin et al., 2010) showed that the C-
P bond in glyphosate cleavage also occurs under irradiation as the orthophosphate 
was also produced in these studies. Table 3-11 shows a summary of the preveous 
study for the degradation of glyphosate with various AOT.  
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In our study, no artificial sources of radical species were employed and no other 
radical precursor species were introduced into the system. All the other previously 
cited reports have used some sort of procedure to introduce radical species in order 
to achieve the degradation of pesticide except that of Lund-Hoeie and Friestad 
(1986) who used only direct UV and natural sunlight irradiation.  
The previously cited reports and the experimental results obtained in this study were 
examined in order to elucidate the glyphosate photodegradation mechanism. Figure 
3-15 shows the proposed photolytic degradation mechanism for glyphosate in water. 
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Since generation of orthophosphate occurred within two weeks of irradiation, it is 
possible that the C-P cleavage of glyphosate contributed to the formation of 
orthophosphate in the system. In the absence of Fe(II), the •OH radical attacks the   
C-N and the C-P bonds in glyphosate resulting in the formation of AMPA and 
orthophosphate as evidenced by their existence in the 31P NMR spectra. It is quite 
possible that both processes (the degradation of glyphosate to AMPA and the 
degradation of AMPA to orthophosphate) might be occurring together. This would 
suggest that the photodegradation of glyphosate might be a parallel-consecutive 
reaction.  
Similarly, for the systems irradiated in the presence of Fe(II), a glyphosate-iron 
complex might undergo direct photolysis through ligand-to-metal-charge transfer 
resulting in the formation of glyphosate radicals and subsequent decomposition of 
these radicals into AMPA and glycolic acid (path1) and orthophosphate and 
sarcosine (path 2) . This proposed mechanism for glyphosate would support the 
previous work of Echavia et al (2009) and Barrett and McBride (2005). 
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Figure 3-16: Speciation fraction of glyphosate, at typical environmental pH. At pH 4, the 
dominant species is H2Glyph.  
Figure 3-16 depicts the calculated equilibrium distribution of the various species of 
glyphosate in solution as a function of pH. The calculations were carried out using 
the MINEQLW computer program, and the thermodynamic data used were obtained 
from several sources (Ramstedt et al., 2004, Muneer and Boxall, 2008). The ionic 
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strength was adjusted accordingly using the same program, and the equilibrium 
calculations were based on the pKa values shown in Figure 3-16. 
It is quite clear from Figure 3-16, that in the range (4-10) pH of most of natural waters 
the dominant glyphosate species should be H2Glyph2- and HGlyph3-. At pH 4 
H2Glyph2- the carboxylic group would be deprotonated first that would predict that the 
main degradation product would be AMPA. At pH 9 HGlyph3- is the dominant species 
which would suggest that the degradation product could be both AMPA and 
orthophosphate but appears to be blocked.  
The charge of the species will determine the environmentally relevant processes, 
which eventually determine the final fate of these species in the environment. The 
final degradation of these species in the real aquatic environment is controlled by the 
physical, chemical and biological properties of the species and by the environmental 
conditions such as pH, EC DOC, and metal ions. 
Aminomethylphosphonic acid 
Earlier in the discussion of glyphosate degradation mechanism, it was suggested that 
orthophosphate was not only produced by direct photodegradation of glyphosate 
through the C-P bond breakage, but also via subsequent degradation of the newly 
formed degradation product, AMPA through N-P bond cleavage. A separate 
degradation experiment involving glyphosate and AMPA under the same conditions 
were carried out. Under UV irradiation without Fe(II) at pH 4, after two weeks 34±1% 
of glyphosate was converted to phosphate whereas only 5% of AMPA was  
converted to phosphate. This result may supports previous reports by Ventegodt 
(1999) that AMPA degrades more slowly in the environment than glyphosate (further 
details Table 3-2, and Table 3-4). The sunlight-irradiation solutions without Fe(II) of 
same period resulted in 3% conversion to phosphate in glyphosate solutions, but no 
conversion to phosphate in the AMPA solutions ( details in Table 3-3 and  Table 3-5) 
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Figure 3-17 Speciation fraction of AMPA, at typical environmental pH. The dominant species at 
pH 4 is H2AMPA  
Figure 3-17 shows the equilibrium speciation diagram of AMPA, in which the 
predominant species in the pH range 4-9 are H2AMPA and HAMPA.  The 
degradation product at pH 4 is most likely coming from the major species present in 
solution H2AMPA. 
The slower degradation of AMPA, in the presence of Fe(II) compared with that of 
glyphosate suggests that AMPA might not coordinate as strongly to the Fe(II) as 
does glyphosate. This weaker coordination could be due to the fact that AMPA lacks 
the carboxyl group, present in the glyphosate. 
Inorganic phosphonate 
A mechanism for the degradation of inorganic phosphonate is suggested below, 
based on the work of Haissinsky (1955). The irradiation of the oxygenated alkaline 
solutions of inorganic phosphonate is assumed to involve an electron transfer 
between the intermediate radical ion −
•
32 OPH  and O2. 
HOPOHOHPOHOPH
OPHOOPH
OHOPHHOPOH
••
•
−
•
−
••
+→++
→+
+→+
4323352
52232
23233
2
)7(  
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This would indicate a chain reaction, and the above mechanism has been proposed 
involving hypothetical intermediates such as 3OPH
•
 
 and 52 OPH
•
.  The termination of 
this reaction may be caused by attack of the hydroxyl radical upon 32 OPH
•
 
)8(4332 POHHOOPH →+
••
 
The only study in the literature about the photodegradation of inorganic phosphonate 
is that conducted by Haissinsky (1955) who used ?-ray-induced oxidation of aqueous 
phosphorous acid solutions at pH 4  in the presence of oxygen.  
In our study under acidic conditions (pH 4), with and without Fe(II), inorganic 
phosphonate was resistant to ultraviolet degradation.  
 
Figure 3-18: Speciation fraction of inorganic phosphonate over a range of, typical 
environmental pH. at  pH 7 and 9 the dominant species is HPO32-.  
 Figure 3-18 shows that the species present over the pH range 2-12 are the fully 
protonated (H3PO3), di-protonated (H2PO3-) and mono protonated (HPO32-) forms. At 
pH 4 the di-protonated (H2PO3-) species is the most abundant species. The results 
presented here show that the fully protonated form of inorganic phosphonate, which 
present only at lower pH in little amount and the di-protonated are both resistant to 
degradation. This supports the findings by Nordstrom et al (2011) which showed that, 
in acidic environments such as those found in the acid mine drainage where the pH 
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can be as low as pH = 1 or lower, the fully protonated form of inorganic phosphonate 
(H3PO3 phosphorous acid) is thermodynamically stable.  
These observations suggest that any degradation of these species (H3PO3) in such 
environmental conditions of lower pH would be due to micro-organisms rather than 
photo-oxidation. In contrast, the degradation of inorganic phosphonate to 
orthophosphate in neutral and alkaline conditions (pH 7, 9) was very rapid. The 
species H2PO3- rapidly decreases at pH 7 with minor contribution in the degradation 
product. But the species HPO32- is the major component at pH 7-9 which indicates 
that most of the degradation product at pH 7 is coming from HPO32-. At pH 9 the 
predominant species is HPO32 which suggests that the degradation product is only 
from the mono-protonated species.  
3.3.4 Kinetics of glyphosate photo-degradation 
Mucientes and de la Pena (2009) proposed a method for studying a parallel-
consecutive first order reactions with one reversible reaction. This method uses a 
concentration-time integral which is the area (in mole s / L) under the curve for the 
concentration of the analyte (A) of interest versus time. Thus for reactant A, the 
concentration-time integral denoted ?A,t  
)9(][
, ?=
t
A
tA dtAθ  
 As noted in the reaction mechanisms the degradation of glyphosate appears to 
follow a parallel-consecutive first order reaction, in which simultaneously glyphosate 
degrades to AMPA and PO43-. The degradation process of glyphosate in equation 
(10) was applied to the above method with slight modification. 
 
A number of chemical reactions, which describe the parallel consecutive first order 
reaction have been reported by Lewis and Johnson (2002), Lewis and Suhr (1977) 
and Faisal et al (1976). The differential rate equations for these reactions are  
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)12(][][][ 21 AMPAKGlyphKdt
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Conservation of matter states that at all times [Glyph] + [AMPA] + [PO43-] = [Glyph]o, 
assuming for simplicity that at t = 0 [Glyph] = [Glyph]o, [AMPA] = [PO43-] = 0. The 
integrated rate equation can be written, as derived by Mucientes and de la Pena 
(2009) 
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where  
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These equations were derived by  Acra et al. (1990).  
The equation (10) can solved using the concentration-time integral concept, and 
because concentrations are expressed as relative concentrations with respect to [A]o 
can be written. 
)19(')(][
][][
,31 tA
o
o KK
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GlyphGlyph θ+=−
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The differential equations (11) and (12) can be integrated similarly to obtain the 
expressions for AMPA and PO43- 
)20(''][
][
,2,1 tBtA
o
KK
Glyph
AMPA θθ −=
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,2,3
3
4
tBtA
o
KK
Glyph
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Where  
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'
,
0
,
dt
Glyph
AMPAdt
Glyph
Glyph
o
tB
t
o
tA ?? == θθ  
The solutions to equation (22) at different times for ?’A,t and ?’B,t were obtained using 
“Interpolate” (2012). The “cercharea” function enables the area under the curve 
[Glyph]/[Glyph]o, t [AMPA]/[Glyph]o, t and [PO43-]/[Glyph]o, t to be calculated. (see 
appendix Figure A1-2 to FigureA1-4)).  However, these calculated concentrations did 
not fit well with the observed concentrations, for that reason the equations 14, 15, 
and 16 were solved using Solver in Excel.     
The values of the three rate constant (K1, K2, and K3) in the equation (10) were 
obtained using Solver, an Excel component developed to minimise the difference 
between the calculated and the actual concentrations of glyphosate. The fitted lines 
are shown in the Figure 3-19. 
Table 3-12: Calculated rate constant for glyphosate degradation. 
K1 day-1 K2 day-1 K3 day-1 
0.0226 0.0050 0.0008 
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Figure 3-19 shows how the concentrations of the P-species vary as the degradation 
proceeds. It can be observed from the graph that the decrease in glyphosate 
concentration (B) was followed immediately by the appearance of AMPA, (C) and 
slow conversion of AMPA into PO43- (D) which indicate that K1 is significantly greater 
than K2. However, K1 is much greater than K3, which implies that the contribution of 
glyphosate (B) to PO43- through K3 path is very small and glyphosate mainly 
degrades to AMPA through the path K1.  
In order to see a noticeable change in the concentration of the newly formed AMPA 
(C) as it degrades to Pi would require sufficient time to allow the complete 
degradation of glyphosate. The calculated values of P-species were obtained by 
substituting the values of the rate constants K1, K2, and K3 to in equations 19, 20, 
and 21 respectively.  The calculated (and the observed dotted line) concentrations of 
P-species are in good agreement. 
 In real environmental waters the pH ranges between values of 4 to 10 and between 
Eh values of +1000 and -600mV (Stumm and Morgan, 1995, Stumm and Morgan, 
1981), suggesting that only fully oxidised phosphorus species should be present in 
the natural waters. However, McDowell et al (2004a) have shown that solutions of P 
species in the +3 (phosphite) and +1 hypophosphite) oxidation states are stable 
under high Eh, aerobic laboratory conditions. The following chapters will investigate 
the possibility of developing simple, sensitive and robust flow injection techniques.
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3.4 Conclusions 
The results of this study indicate that photo-degradation of glyphosate, 
aminomethylphosphonic acid and inorganic phosphonate occurs in water. Although 
all previous authors who studied photolytic degradation of the organic phosphonates, 
glyphosate and AMPA, have employed advanced oxidation technology (AOT), none 
of them have shown similar results for inorganic phosphonate. Moreover the 
experimental conditions employed by these workers are designed to deal with 
treatment of sewage and industrial waste waters, which are quite different from 
natural environmental waters, which may receive pesticides. However in this study 
the experiments were conducted in laboratory controlled environment and 
uncontrolled natural sunlight, employing various pHs which are possible to find in 
natural waters. Thus, conditions used in this study are better suited to explain 
phenomena happening in the natural environment. The degradation process in this 
study is very close to that which would occur in the natural aquatic environment.  
Even though the UV irradiation produced greater degradation of the species when 
compared with natural sunlight irradiation, the results still show that natural sunlight is 
sufficient to cause photolytic degradation of these P-species under investigation in 
natural waters in 6 weeks. This is contrary to the widely accepted belief initiated by 
Rueppel et al. (1977) that the herbicide glyphosate is resistant to ultraviolet 
degradation in the environment. The results also indicate the likely pathways of 
degradation in natural waters. Analysis of ultimate degradation product of these 
pesticides is technically challenging. Instrumental ability to detect remaining residues 
is the major obstacle to understanding the final fate of the residues. 
More sensitive analytical techniques for the determination of phosphonates in the 
aquatic environments are in constant demand so that the final fate of these 
pesticides can be followed longer for evaluation of environmental effect.
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4 Direct spectrophotometric determination of inorganic 
and organic phosphonates (Phosphite, 
Glyphosate and its metabolite AMPA) using flow 
injection analysis  
4.1 Introduction 
In this chapter the development of a flow injection analysis technique will be 
described. The FIA method is for the determination of both organic phosphonate 
(glyphosate and its main degradation product aminomethylphosphonic acid 
(AMPA)) and inorganic phosphonate ion (phosphite) in aquatic environments. 
Preliminary studies were performed in batch mode. The experiments were 
performed under acidic conditions at 60ºC with a 40 min residence time. Under 
these experimental conditions, there is a potential for the phosphonate ions 
(H2PO3-, HPO3-2) and phosphonate groups of glyphosate and (AMPA) to hydrolyse 
to phosphate. NMR spectroscopy as described in chapter 3 was used to monitor if 
such hydrolysis was occurring. 
The method utilises a colorimetric technique (Gomes Neto et al., 2000), which 
employs molybdenum blue chemistry and is able to differentiate a number of 
analytes of phosphorus compounds such as orthophosphate, and organic and 
inorganic phosphonates. However, the difference between this study and the study 
by Gomes Neto et al (2000) is the authors used a very high fertilizer concentration 
of about 10 ppm and oxidised inorganic phosphonate to phosphate prior detection 
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whereas in the current work the concentration of the analyte is much lower and is 
direct detection without oxidation procedure.  
 Most of the commonly used spectrophotometric methods for the determination of 
the phosphonate such as inorganic phosphonate, the herbicide glyphosate and its 
metabolite (AMPA) are based on the initial oxidation of phosphonate groups to 
orthophosphate followed by colorimetric determination of the resulting 
orthophosphate ion through the formation of either the yellow molybdophosphate 
or heteropolyphosphate blue complexes with appropriate conditions and reducing 
reagent (Dickman and Bray, 1940). Early development of these analytical methods 
include those reported by May (1959), Glass (1981) Gilbault and McCurdy (1961) 
and the more recently report by Dametto et al (2007) and Barco et al (2006). 
 The only previous work of direct spectrophotometric detection of inorganic 
phosphonate using the molybdenum blue method without any oxidation procedure 
was that of Himeno et al (1997). A search in the literature for similar work on 
glyphosate and AMPA did not return any positive results. This work describes the 
development of a new simple and robust method for the determination of the set of 
inorganic phosphonate, glyphosate and AMPA in aqueous solutions, using the 
molybdenum blue method. 
Phosphomolybdate blue complexes were obtained by direct reaction between 
acidic molybdenum(VI) and the phosphorus species with subsequent reduction 
using stannous chloride as the reducing agent. The chemistry and optimum 
conditions developed are reported. 
The difference between this method and the traditional spectrophotometric 
determination of phosphonate is that of the direct reaction between the 
phosphonate ion and acidic molybdenum(VI) using hydrochloric acid rather than 
conventional sulphuric acid, without prior oxidation step to phosphate. The reason 
for the choice of the HCl acid was for the safety and easy handling. 
Both batch and flow injection analysis (FIA) systems were used with standard 
aqueous solutions for the determination of phosphate, inorganic phosphonate, 
glyphosate and (AMPA).  
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4.1.1 Heteropoly acids formation conditions 
The reaction between phosphorus and molybdate ions MoO42- in an acidic solution 
gives rise to the formation of heteropoly acids, which is the basis of most 
commonly used procedures for the determination of phosphorus since its first 
publication almost over two centuries ago (West-Knights, 1880). Afterwards similar 
reports appeared in the literature (Taylor and Miller, 1914, Fiske and Subbarow, 
1925). Today this procedure has become the preferred method in many analytical 
laboratories, particularly after the introduction of the use of antimony, because of 
the catalytic effect it has on the reaction (Murphy and Riley, 1962). 
 The effect of catalyst (antimony) on the reaction of phosphate and acidic 
molybdenum was studied by Going and Eisenreich(1974), Drummond and Maher 
(1995), and Huang and Zhang (2008) and the influence of interfering species was 
reported by Murphy and Riley (1962) and Huang and Zhang (2008). 
The absorption spectra of phosphomolybdate blue complex varied from one 
modification to another not only due to the fact that different reductants were used 
but also due to the molybdate concentration, type of acid and its concentration, 
wavelength, absorption intensity and the stability of the complex. The most 
noticeable variation between these modifications is wavelength (?max) shifting: 865 
nm (Johnson and Pilson, 1972), 880 nm (Going and Eisenreich, 1974, Murphy and 
Riley, 1962, Pai et al., 1990), and 760 nm (Crouch and Malmstadt, 1967, Bartels 
and Roijers, 1975)  
Furthermore, acidic molybdate solutions polymerise through a series of steps to 
form a set of isopolymolybdates, which are the basis of the formation of 
heteropolymolybdate. In general, isopolymolybdate species coexist at the  
equilibrium and dominant species are not necessarily the ones reacting with 
phosphorus; in some cases one or more species may react with phosphorus in the 
solution (Himeno et al., 1989, Osakai et al., 1990). The reaction between 
phosphorus and molybdate in acidic solution may occur in several proportions, 
resulting in different species of phosphomolybdate in the solution. This may result 
absorption spectra with multiple peaks (Bartels and Roijers, 1975, Crouch and 
Malmstadt, 1967). 
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4.2 Experimental  
4.2.1 Chemicals 
All P-species chemicals used in this chapter are same as those described in the 
previous chapter 3. Other chemicals are sodium molybdate Na2MoO4.2H2O 
purchased from BHD chemicals (England); stannous chloride hydrous (SnCl2 
2H2O), hydrazine dichloride (N2H5Cl 98%) were purchased from (Sigma-Aldrich 
(Australia)) and HCl 35% AR grade purchased from Merck Pty limited, (Australia).  
 
Reagents and standard stock solutions 
All the stock solutions were prepared in Millipore, MilliQ water (18.2 ?). All 
glassware and containers were soaked for 72 hrs with HNO3 (20% v/v) and rinsed 
with deionised water and dried at room temperature. 
 Batch method reagents: A 100 mM molybdate stock solution was prepared by 
dissolving 24.20 g of sodium molybdate (Na2Mo4 2H2O) in MilliQ water and diluting 
to 1 L; this solution is stable for several months at room temperature. The 
stannous chloride (SnCl2.2H2O) reagent was prepared by dissolving 2.50 g in 100 
mL of glycerol and heated in a water bath (Greenberg et al., 1992). This reagent is 
stable for six months at room temperature and does not require specific storage. 
FIA method reagents, 106 mM molybdate solution for FIA system was prepared by 
dissolving 25.7 g in 300 mL of MilliQ water (18.2 ?), to which a calculated volume 
of hydrochloric acid was added in order to bring the final HCl concentration to 2.55 
M, then the solution was made up to 1 L. The stannous chloride solution for the 
FIA system was prepared by dissolving 0.126 g of SnCl2.2H2O and 1 g of 
hydrazine chloride (N2H2.2HCl) in 100 mL of 3.0 M hydrochloric acid and then 
diluted with MilliQ water (18.2 ?) to 250 mL. This solution was 1.2 M in 
hydrochloric acid and deteriorates over time; the best results are obtained when it 
is made up fresh. With solutions more than one week old a rapid colour fading 
occurs. 
 The stock solutions of the individual phosphorus species of 20 mM were prepared 
by dissolving in Millipore, MilliQ water (18.2 ?) the appropriate amounts of 
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phosphorous acid, (H3PO3), N-(phosphonomethyl)glycine and 
aminomethylphosphonic acid, (AMPA) all from Sigma-Aldrich (Australia). 
Potassium dihydrogen orthophosphate was purchased from Ajax Chemicals 
(Australia). Working standards were prepared by diluting the required amount from 
the 20 mM stock standards. 
4.2.2 Instruments 
UV-Vis spectrophotometry 
The spectrophotometer used for this experiment was described in the previous 
chapter section (3.2.2.1)   
FIA manifold 
The flow injection system used in this experiment was made by the Water 
Research Centre at Monash University. It consists of two pumps (Alitea, C4-OEM-
V, and four Channel 8xSS rollers 75:1 Gearbox with 15V DC motor, A.I Scientific) 
with a dial to control the speed of the pump. This was to propel the carrier and 
reagents. A single channel pump (Alitea, S1-OEM, Rotor 21x4x9, 15V DC Motor 
with 15:1 Gearbox, A.I Scientific) was used to fill the injection loop. 
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 Figure 4-1: Schematic representation of the flow injection manifold used for the 
determination of P-species. S sample injection loop 200 μL x 0.5 mm i.d. mixing coils (A B 
and G). Carrier, C water, R1 molybdate reagent, R2 stannous chloride. 
A dual position 6 port valve with microelectronic actuator (global FIA) was used to 
load the sample. A USB 2000, miniature fibre optic spectrometer (Ocean Optics 
Inc.) with linear CCD arrays and a multi-reflective flow cell was constructed for FIA 
analysis by Peter Ellis, Monash University). PVC 2 bridged manifold tubing 
(A.I.Scientific) was used to deliver both the carrier and reagents (1.02, 0.89 mm 
i.d.) respectively. The manifold tubing was PTFE (0.5 mm i.d., Alltech Associates, 
Australia). 
The instrument was controlled by software written in Lab-view 7.1 in a way that 
allows the user to access the required key operating parameters such as graph 
analysis, editing, time to fill the injection loop, and run time for the peristaltic pump 
in each experiment. 
NMR spectroscopy  
All 31P NMR experiments were performed using a Bruker Avance 300 MHz-NMR 
spectrometer with an operating frequency of 121 MHz at 298 K as was described 
in the previous chapter section (3.2.2.4).  
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4.3 Procedures 
4.3.1 Batch measurement 
A 0.625 mL of stock solution (20 mM) of the phosphorus species under 
investigation (phosphate, glyphosate, AMPA, or inorganic phosphonate) were 
placed separately in a 25 mL volumetric flask. 
To each flask was added 12.5 mL of molybdate, 0.15 mL of stannous chloride, and 
calculated amount of hydrochloric acid required to make the final acid 
concentration 1.2 M-HCl. The remaining volume was made up with MilliQ water to 
25 mL. The blank solution was prepared using the same procedure but omitting 
the analyte. 
The phosphonate solutions were placed in a hot water bath at 60 ºC for about 40 
min, and then were allowed to cool for about 15 min. If there was a loss of volume 
during the heating due to evaporation, it was made up again with MilliQ water. The 
phosphate solutions do not require heating 
 The solutions were thoroughly mixed by hand and the absorbance was measured 
at the 760 nm for phosphate, and 820 nm for glyphosate, aminomethylphosphonic 
acid and inorganic phosphonate. 
4.3.2 FIA measurement 
The schematic diagram of the FIA system used in this study is in Figure 4-1. The 
optimised reagents concentrations (molybdenum (VI) R1, stannous chloride R2) 
and the amount of hydrochloric acid concentration, were previously decribed in the 
batch method, in section 4.4.1. These optimised experimental conditions were 
directly transported to the FIA system.  
These were as follows, molybdate reagent (R1) 50 mM-Mo(IV) at 1.11 mL min-1, 
stannous chloride (R2) 0.665 mM at 1.00 mL min-1, the carrier (MilliQ 18.2 ?) at 
1.25 mL min-1. The final hydrochloric acid concentration used was 1.2 M-HCl. 
These reagent concentrations are referring to concentrations required at mixing 
coils. 
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The initial amounts of molybdate reagent, which was necessary for the formation 
of the phosphomolybdate complex in the reactor (B), and reducing reagent 
stannous chloride concentration, were calculated using the following equation.  
[ ] )1(
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1
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Ri
n
i
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ial
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=
×
=
 
 [Ri]initial and [Ri]required are the initial and required concentration of the reagent (i), 
in this case molybdenum(VI) before the injection and after at the 
formation/reduction reactors (B/G) respectively. Fi is the flow rate of reagent (i) (i = 
1, 2, 3,… n) and ?Fn , is the total flow rate of the lines at the particular reactor coil 
in the FIA system. 
The reaction between phosphonates (glyphosate, AMPA and inorganic 
phosphonate (phosphite) and molybdenum (VI) is slow and heating is necessary. 
The heating of the mixing reactor coil (B) was achieved by immersing in a hot 
water bath at 60ºC. The mixing reactor coil (B) was made by crisscrossing Teflon 
tubing (900 mm x 0.5 mm i.d) on a piece of plastic on which a series of small holes 
was made. 
The reaction between phosphate and molybdenum (VI) reagent is fast and does 
not require heating. However, in order to treat all solutions with the same 
conditions, phosphate solutions were also heated. Nevertheless, because of the 
high temperature and low back pressure, air bubbles become major problem in 
FIA systems. In order to remove the air bubbles from the system, a bubble 
reducing reactor coil (G) made from 1200 mm x 0.5 mm Teflon tubing was 
immersed in ice bath to redissolve the air bubbles before they reached the 
detector. 
4.4 Results and discussion  
4.4.1 Optimisation of heteropoly acids formation conditions 
Because of the complex chemistry of acidic molybdate solution, it is inevitably 
necessary to optimise the reaction conditions in order to determine the best 
possible condition for the formation of phosphomolybdate complex, and eliminate 
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the self-reduction of isopolymolybdate acids to isopolymolybdate blue complex, 
which has potential to interfere with the reduction of phosphomolybdate. 
)()(
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The signal sensitivity was evaluated by observing the absorbance response as 
peak height while holding one variable constant at pre-determined optimum, and 
varying the other. The following sections describe the results of such experiment. 
Effect of hydrochloric acid concentration 
The variables that most affect the signal sensitivity were reagent conentrations 
and hydrochloric acid concentrations. A series of experiments was conducted in 
order to determine the optimum acid concentration for the determination of 
phosphorus species. The hydrochloric acid concentration was varied from 0.1-2.0 
M in an interval of 0.1 units. A constant amount of reagent molybdenum (VI) was 
added to each flask and placed in a water bath at 60 C.  
0
0.5
1
1.5
2
2.5
3
3.5
4
4.5
0 0.5 1 1.5 2[HCl] / M
A
bs
o
rb
a
n
ce
Mo(VI) gly
AMPA Phi
Pi
A
D
B
C
E
 
 Figure 4-2: Absorption spectra of 50 mM-Mo(VI) as a blank in various hydrochloric acid 
concentrations, (0.1-2.0 M) + 0.67 mM SnCl2 + 60ºC (C), in the presence of 0.5 mM 
phosphorus species inorganic phosphonate (A), glyphosate (B), AMPA (D) and (E) 
orthophosphate. The wavelength was 760 nm for phosphate and 820 nm for phosphonates.  
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Figure 4-2 shows the result of the effect of the HCl concentrations. After about 10 
min in the water bath, the solutions containing HCl between (0.1 and 0.9 M) 
assumed a blue colour, even without the presence of phosphorus species 
probably due to formation of isopolymolybdate blue species in that acid region 
(Müller et al., 1996), while the rest of the solutions with acid concentrations of 1.0-
2.0 M-HCl remained clear Figure 4-2 (C).The isopolymolybdate blue species 
formed in these regions of acid concentrations is the result of self-reduction of 
molybdenum(VI) solution (Cotton and Wilkinson, 1966). This will potentially 
interfere with the analysis of the phosphorus species at specified wavelengths 
(760 nm phosphate and 820 nm phosphonates), therefore these acid regions must 
be avoided in the determination of these P-species in these conditions. 
The acid concentration must be controlled in such a way that when molybdate 
solution is diluted, it must not produce a blue colour, since this interferes with the 
analysis of the P-species, which normally produce a characteristic blue colour 
upon the reduction of the complex.  This depends upon the ratio of acid to 
molybdenum ([H+] / [Mo(VI)]). 
Upon the addition of phosphorus species, the solution with a HCl concentration 
between 1.0-1.6 M, became a pale yellow colour due to the formation of the yellow 
phosphomolybdate complex species. The intensity of the yellow colour decreased, 
as the acid concentration increased. When the HCl concentration increased from 
1.7 to 2.0 M no further colour development occurred even after heating for about 
60 min in water bath probably because the phosphomolybdate complex formed in 
this later region of the acid is not the yellow type of the complex. 
Upon the addition of reducing agent, stannous chloride, the solutions with HCl 
concentrations between 1.0-2.0 M, developed a blue colour as result of the 
reduction of yellow phosphomolybdate acid to phosphomolybdate blue complex 
(heteropoly blue complex) and the intensity of the blue colour decreased as the 
acid concentration increased. 
 Therefore the HCl concentration region between 0.1-0.9 M and (1.7-2.0 M) were 
considered not useful for the determination of phosphorus species in this study, 
because of interference from the background blue colour in the lower region 
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between 0.1-0.9 M and the instability of the complex at the higher region (1.7-2.0 
M-HCl) of acid concentrations. 
 In this study, the region between HCl (1.0-1.6 M) was considered to be the best 
experimental conditions for the determination of phosphorus species, and 1.2 M 
was considered the optimum acid concentration in the region chosen and hence 
used in all subsequent experiments were used. 
 Effect of Molybdenum (VI) concentration 
The stoichiometric determination of elemental phosphorus with respect to 
molybdenum is difficult due to the complex chemistry arising from acidic 
molybdenum solution. Furthermore, the oxidation state of elemental phosphorus 
has a major role in the formation of heteropolymolybdate of phosphorus; the effect 
of molybdenum (VI) reagent was investigated by varying the concentration of 
molybdenum (VI), while keeping all other conditions such as temperature, HCl and 
SnCl2 concentrations constant. 
The influence of the molybdate concentration on the absorbance of the 
heteropolymolybdate blue complexes is given in Figure 4-3. The absorbance was 
measured after which solutions had been heated in a water bath at 60ºC about 40 
min.,  all P-species were 0.5 mM. The molybdate concentration was varied from 5-
50 mM-Mo(VI). 
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Figure 4-3: Absorbance of phosphorus species at 820 nm for inorganic phosphonate (A) 
(glyphosate (B),) phosphate (C) and AMPA (D) as function of molybdenum (VI) 
concentration, phosphorus species 0.5 mM. The phosphate wavelength at 760 nm  
With molybdenum at 5 mM, molybdophosphate was below the detection limit.  
In the analysis of phosphate, increasing the molybdate concentration increased 
the intensity of the blue colour, which in turn corresponded to a higher absorbance 
reaching its maximum when the molybdate concentration was 15 mM. From this 
observation it is expected that the presence of more molybdate in the solution 
would have resulted in an increase in the absorbance. However, when the 
molybdate concentration reached 20 mM, the intensity of the blue colour started to 
decrease slightly, before maintaining a quasi-plateau. This could be associated 
with various factors: the complex acidic molybdate chemistry, the different 
isopolymolybdate species in equilibrium, and the possibility of one or more species 
reacting with phosphorus producing more than one heteropolymolybdate species 
in the solution, which could be reducible under the same conditions. 
In the case of phosphonates (glyphosate, AMPA, and inorganic phosphonate), the 
absorbance of inorganic phosphonate (A) glyphosate (B) and its metabolite, AMPA 
(D) started to increase as the molybdenum (VI) concentration reached 25 mM, 
which indicates that for phosphonate determination, it is necessary for the 
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molybdate concentration to be at least 50 fold greater than P-species 
concentration. Above this concentration of molybdenum(VI), the absorbance of all 
phosphonate species groups (A, B and D) increased rapidly. 
 These data show the importance of having a relatively high molybdenum(VI) 
concentration in this case, 50 mM was the optimum concentration, which was 100 
times greater than the concentration of the phosphonate species. On the other 
hand orthophosphate is sensitive to lower concentrations of molybdenum(VI) 
which offers a potential means of discriminating between orthophosphate and the 
phosphonates in a mixture of both species. The only detectable species below at 
the 25 mM of molybdenum (VI) concentration was orthophosphate (C). 
Effect of Stannous chloride  
The effect of different amounts of stannous chloride was investigated for fixed 50 
mM molybdate reagent, 0.5 mM of phosphorus species and 1.2 M hydrochloric 
acid. The concentration of the stannous chloride was varied between 0.22-0.67 
mM. The reduction of phosphomolybdate with stannous chloride in the prescribed 
conditions was fast, as indicated by the development of the colour. 
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Figure 4-4: Absorbance as function of the stannous chloride concentration for 50 mM-
Mo(VI)-1.2 M-HCl system containing 0.5 mM (A) PO43-, (B) aminomethyl phosphonic acid 
(AMPA), (C) H3PO3, and (D) glyphosate. The absorbance was measured with quartz cell of 
path length 1 mm, after heating the solutions at 60C for 40 min. The wavelengths were 760 
nm for phosphate and 820 nm for phosphonates.  
Figure 4-4 shows the result of the study on the effect of the stannous chloride, 
fluctuating behaviour of the absorbance up and down not only indicates the 
presence of different species of phosphomolybdate complex, but also shows that 
the extent of reduction of the complex is different from one species to another in 
the solutions. Coincidence of some absorbance point of the different phosphonate 
solutions could mean that same species of phosphomolybdate blue complex exist 
in these solutions. 
However, increasing the concentration of stannous chloride beyond 0.67 mM did 
not have any further effect on the reduction of the phosphomolybdate complex of 
the phosphorus species and the intensity of the blue colour. This was evidenced 
from the observation made on the absorption intensity, which remained 
unchanged. In some cases a cloudy solution or blue precipitate occurred, resulting 
from the increased of stannous chloride concentration. 
Therefore 0.67 mM of stannous chloride was deemed to be sufficient for complete 
reduction of the complex without the formation of any cloudy solutions.The ratio of 
SnCl2 to P at this point is 1.34.   
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4.4.2 Measurement with optimised reaction conditions 
 The outcome of the optimisation process 50 mM-Mo(VI) in 1.2 M-HCl was found 
to be the optimum molybdate reagent for the formation of the complex and 0.67 
mM of stannous chloride was determined to be the best amount of reducing agent 
to react and change the yellow complex to phosphomolybdate blue complex. 
These conditions were applied for the determination for each of P-species as 
shown in Figure 4-5.  
The formation of phosphomolybdate complexes of inorganic phosphonate and 
phosphate has been reported ((Himeno et al., 1995, Himeno et al., 1990b) with a  
ratio of 250 molybdenum to phosphorus. However, by examining of results, shown 
in Figure 4-5 an optimum ratio could have been achieved with a much lower 
concentration of Mo(VI). Drummond and Maher (1995) obtained an optimum 
formation condition with a ratio of 50-80 of Mo(VI) to phosphate, in which the 
reaction is complete. This supports the finding of the current study in which a ratio 
of 80-100 of Mo(VI) was found optimum reagent concentration. However, no 
similar reports of glyphosate and aminomethylphosphonic acid (AMPA) were 
found in the literature. 
The absorption spectrum of phosphate (D) shows the presence of two maxima 
(660, and 760 nm) indicating two species of phosphomolybdate in the solution as 
mentioned earlier. On the other hand, the absorption peaks of all three 
phosphonates occur at the same wavelength (820 nm), but with different 
intensities. This suggests that the oxidation state of the phosphorus present in 
phosphonate groups (PO33-) of all (glyphosate and AMPA) is same forming similar 
phosphomolybdate complexes.  
In the event of analysis, it is clear from the Figure 4-5, that these spectra in some 
degree may overlap which, may cause difficulty in analysing environmental 
samples in which all four analytes are present. The peak shape of (A) and (C) are 
identical (glyphosate and AMPA) with same maxima, but the peak shape of 
inorganic phosphonate (B) is quite different from the other two phosphonate (A) 
and (C). This difference in peak shape may provide an opportunity to discriminate 
inorganic phosphonate (B) from organic phosphonate glyphosate (C) and AMPA 
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(A). The spectrophotometric determination of a mixture of species in which their 
individual spectra overlaps each other has been examined by many researchers 
(Hargis and Howell, 1992, Howell and Hargis, 1990, Ramos et al., 1986), 
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Figure 4-5: Absorption spectra of 0.5 mM phosphorus species, aminomethylphosphonic 
acid (A), inorganic phosphonate (B), glyphosate (C), orthophosphate (D) and blank (E) in 
50mM-Mo(VI) + 1.2M-HCl + 0.665mM-Sncl2. the solutions were heated in a hot water bath 60C 
about 40min. 
Therefore, it would be possible to analyse the unresolved spectra of a mixture 
using conventional multi-component analysis (MCA). 
4.4.3 Linearity and limit of detection 
The linearity of both batch and FIA methods for each P-compound was checked 
over the range used for the calibration curves (125-1250 μM), using inorganic 
phosphonate, and glyphosate and AMPA standard solutions. The calibration range 
used for orthophosphate was 0.65-2.6 μM. 
Figure 4-6: shows the calibration curves for the batch method of (A) phosphate, 
(B) inorganic phosphonate, (C) glyphosate and (D) AMPA respectively. The 
calibration curves indicate also that there is good linearity over the concentration 
range studied and do not show any significant deviation. 
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Figure 4-6: Calibration curves for the batch method of phosphorus species; orthophosphate 
(A), inorganic phosphonate (B), glyphosate (C) and AMPA (D). The wavelengths used were 
760 nm and 820 nm for orthophosphate and phosphonates species respectively. 
 
Table 4-1: Linearity between the concentrations and the absorbance of phosphorus species 
and the limit of detection for the batch method. 
Compounds LOD (mM) RDS Linear range (?M) 
Phosphate 1.4x10-4 0.9982 0.5-6  
Inorganic Phosphonate 0.024 0.9865 250-1250  
Glyphosate 0.060 0.9966 250-1250  
AMPA 0.060 0.9950 250-1250  
Limits of detection (LOD) obtained for the batch method are listed in Table 4-1. 
The limit of detection was determined using 3*STD of the blank. 
FIA measurement 
The optimum experimental conditions obtained for the batch method (section 
4.3.2), were adopted for the FIA system and it was assumed that no further 
B 
C 
A 
D 
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optimisation was necessary as long as the previously optimum conditions 
developed in the batch method were maintained. 
However, one particular aspect which needed to be evaluated was the relationship 
between the concentrations of the reagents and the flow rates. A number of 
experiments were conducted using the manifold shown in Figure 4-1 to investigate 
the effect of varying the flow rate of the FIA system on the detection of phosphorus 
species of interest. The procedure used to optimise the flow rates was univariate 
mode, in which each line was varied separately. First was varied the carrier line 
from 1.25 -4.98 mL/min, followed by the reagent lines R1 and R2 both from 1-3.33 
mL/ min. (see Appedix 2).  
For each flow rate, it was necessary to adjust the initial concentration of each 
reagent [R]initial to achieve that the ratio of the reagent concentrations to the 
required [R]required concentration, and to maintain the ratios of acid/molybdenum 
and molybdenum/ phosphorus species constant as described in section 4.3.2. 
The absorbance was observed each time flow rate was change. At lower flow 
rates it was noted that the phosphomolybdate blue complex formed a layer inside 
the tubing the flow cell, orthophosphate giving the darkest blue colour inside the 
system. As a result of this, reduced peak heights were observed and necessitated 
being washed out before another experiment was conducted. 
At higher flow rates a considerable baseline drift occurred and a reduction in 
sensitivity become the major problem. This was probably due to limited mixing and 
lack of residence time for the formation of phosphomolybdate complex. These 
were overcome by reducing the flow rates. 
Figure 4-7 shows the calibration curves conducted under the optimum 
experimental conditions for the determination of phosphorus species. The 
optimum flow rates were 1.25, 1.11 and 1.00 mL/min for carrier C, R1 Mo(VI) and 
R2 SnCl2 respectively. The concentrations ranged from 0.125-1.25 mM except for 
orthophosphate, which was 3.2x10-4 to 1.6x10-3 mM due to strong blue colour 
resulting from higher concentrations. 
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Figure 4-7: Calibration curves for the FIA system of phosphorus species; orthophosphate 
(A), Inorganic phosphonate (B), glyphosate (C) and AMPA (D). The wavelength used for the 
FIA was 660 for all P-species. 
Table 4-2: Linearity between the concentrations and the absorbance of phosphorus species 
and the limit of detection for the FIA system. 
Compounds LOD (mM) RDS Linear range (?M) 
Orthophosphate 1.0x10-5 0.999 0.5-6  
Inorganic Phosphonate 0.069 0.977 250-1250  
Glyphosate 0.036 0.988 250-1250  
AMPA 0.300 0.9978 50-1250  
 
The important analytical data for the calibration curves are shown in 
Table 4-2 The increased intercept of the AMPA calibration curve is due to longer 
residence time in the hot water bath and reaching the detector, before cooling 
enough.  
The R2 values show acceptable linearity between the concentrations and the 
absorbance for all phosphorus species. The detection limit of the FIA system for 
A B 
C D 
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phosphonate determination still needs a great deal of improvement in order to be 
able to monitor the low levels expected in the environment. 
4.4.4 31P NMR spectroscopy 
In this study, apart from direct determination of phosphonates in aqueous 
solutions, there was also another important aspect, to examine the degradation of 
the phosphonates in such experimental conditions. Under acidic conditions and 
high temperature, lower oxidation states of phosphorus species such glyphosate, 
AMPA, and inorganic phosphonate could be subject to hydrolysis, or oxidation to 
orthophosphate. 
For the NMR experiment, 5 mM of each of the phosphorus species was subjected 
to same experimental conditions as the solutions for the batch and FIA methods. 
The presence of multivalent cations gave rise to broader beaks, so EDTA was 
added to the solution to minimise the broadening effect of molybdenum ions on the 
spectra. D2O was added for signal lock. 
Figure 4-8: shows 31P NMR spectra of glyphosate, AMPA, and inorganic 
phosphonate. These spectra indicate that there is no degradation product present 
in the solution measurable by NMR. Therefore it can be concluded that the 
phosphorus species of interest in this study are stable under the prescribed 
experimental conditions, and the absorption signals observed both in batch and 
FIA techniques were coming from the direct detection of initial phosphorus species 
in solution, not degradation products. 
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4.5 Conclusions 
This work has shown that it is possible to measure both phosphate and phosphonate 
in the same solution by carefully selecting the acid and the reagent conditions and 
applying heat. NMR analysis confirmed that the analytes being measured were the 
analytes of interest and not degradation products. 
The absorption spectra of the P-species have different maxima and shapes making it 
possible to discriminate between them particularly if multicomponent analysis is 
applied. However, it would be difficult to distinguish between glyphosate and AMPA 
as their spectra are almost identical. Nevertheless, it would also be possible to 
distinguish between phosphate and phosphonate by changing the Mo(VI) 
concentration. 
The main problems with measuring the phosphonates this way are the high detection 
limit and air bubbles. The high detection limit could be overcome by adding a 
preconcentration step. The air bubbles can be removed by incorporating a debubbler 
into the FIA system. 
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5 
5 Determination of phosphonate (phosphite) and 
phosphate ions through the formation of 
heteropolymolybdate complexes and subsequent 
electrochemical reduction using flow injection 
analysis with dual detection. 
 
5.1 Introduction 
This chapter describes a new approach to the detection of inorganic phosphonate 
(Phi) and orthophosphate (Pi) in water, using flow injection analysis with dual 
electrochemical and spectrophotometric detection. 
The direct determination of phosphonate with the molybdenum blue method has 
been described previously. Unfortunately, as described in chapter 4 in the systems 
using flow injection, heating  creates undesirable effects such as air bubbles which 
in turn cause detector noise. 
Electrochemical methods offer an alternative option to overcome the problem 
associated with heating.  
The work presented in this chapter will be the first to combine direct voltammetric 
and spectroscopic measurement in a flow injection system for the measurement of 
a mixture of phosphonate and phosphate. The pre-formed phosphomolybdate was 
injected into the reagent (carrier), and the reduction current of the 
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phosphomolybdate complex was obtained using glassy carbon vs Ag/AgCl 
reference electrodes. In this procedure, the dual detection of the reduction current 
of the yellow phosphomolybdate and the absorbance of the phosphomolybdate 
blue complexes were achieved with a single sample injection. This new procedure 
is capable of determining each analyte in a mixture. It will provide a simple robust, 
direct determination of both inorganic phosphonate and its degradation product 
(orthophosphate) in the environment. 
5.2 Experiment 
5.2.1 Instruments 
Cyclic Voltammetry 
 Cyclic voltammetry (CV) was performed with a CHI 620C (Texas USA) 
potentiostat using a conventional three electrode system. The working electrode 
was a 3 mm diameter glassy carbon (GC) (CH Instruments) electrode; a platinum 
wire (Pt) was used as an auxiliary electrode and the reference electrode was 
Ag/AgCl (3M KCl). Other types of electrodes (boron doped diamond (BDD), and 
platinum wire (Pt)) were tested as possible options for the working electrode. 
In the CV experiments, the potential of the working electrodes was scanned from 
0.8 to 0.1 V for GC and Pt, and 1 V to 0.2 V for BDD against a Ag/AgCl (3 M) 
reference electrode, with a scan rate of 100 mVs-1. Before each experiment, the 
working electrode was polished with a 0.05 ?m polishing alumina Al2O3 on a wet 
alpha polishing cloth (Buehler, Germany). 
Flow injection system with dual detection  
The flow injection system consisted of a single line FIA manifold. The single-line 
was used to pump the molybdenum (VI) reagent (and also carrier stream), with a 
flow rate of 1.2 mL/min, using a peristaltic pump (Gilson minipuls 3-peristaltic 
pump with 0.86 mm (i.d) pump tubing (John Morris Australia). The samples were 
injected via a four-port injection valve (Rheodyne LLC, California, USA)) with a 50 
μL injection loop.  
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The reduction of the phosphomolybdate complex was performed in a thin-layer 
electrochemical cell with a stainless steel block as the auxiliary electrode. The 
working electrode used was a 3 mm diameter glassy carbon electrode set in a 
Teflon block (Bio analytical systems, model 1095).  The potential of the working 
electrode was set to 0.13V vs Ag/AgCl throughout the experiment. This potential  
provided the highest current for both analytes (section 5.4.3.1) 
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Figure 5-1:  FIA Manifold (A) and electrochemical cell (B) for the analysis of phosphate and 
inorganic phosphonate. Carrier is the reagent, (a) electrochemical (EC) detector and the 
blue complex generator (b) with UV-vis spectrophotometric detector.  
The FIA manifold is shown in Figure 5-1. The two different detectors, the 
electrochemical detector (EC) and spectrophotometric detection (UV-Vis), were 
arranged in series. The electrochemical cell served as both an EC detector and 
phosphomolybdate blue complex generator. 
The electrochemical cell was controlled using a CH Instruments 620C potentiostat 
(Texas, USA); the electrochemical signal and current were recorded together 
using an Edaq 401 USB data recorder (Edaq Pty Ltd, Australia). 
A
B
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The potentiostat was also used to measure the current due to the reduction of the 
preformed phosphomolybdate complex. This reduction step is the basis of the 
formation of the phosphomolybdate blue complex which then passes to a 
spectrophotometry cell designed by Peter Ellis from Monash University). This cell 
consists of a USB 2000 plug and play miniature fibre optic spectrometer (Ocean 
Optics Inc.) with a linear CCD array, and a multi-reflective flow cell. The software 
controlling this system was described in Chapter 4 (section 4.2.2) 
5.2.2 Chemicals 
Acetone (99.9%) and acetonitrile (99.7%) were obtained from Ajax Chemicals 
(Australia) and HCl (35% AR grade) from Merck Pty limited (Australia). All other 
chemicals used in this chapter have been described in chapter 4 section 4.2.1 
5.3 Procedures 
5.3.1 Cyclic Voltammetry measurement 
Standard solutions of inorganic phosphonate and phosphate were transferred to a 
voltametric cell to which a calculated amount of molybdenum (VI) solution, 
acetone or acetonitrile and required amount of acid were then added. 
Solutions used for the cyclic voltammetry consisted of either phosphonate or 
phosphate (0.2 mM) in 50 mM-Mo(VI) in 0.5 M-HCl and 70% of either acetone or 
acetonitrile to a total volume of 5 mL in the electrochemical cell. 
A freshly polished dry working electrode with a Ag/AgCl reference electrode and 
auxiliary platinum (Pt) electrodes were immersed in the solution. All the cyclic 
voltammetric scans were run with an initially reductive scan polarity of between 0.8 
V and 0.1 V at a scan rate of 0.1 Vs-1 unless otherwise stated, in aqueous/organic 
solutions. For the CV analysis, the current data were collected and analysed using 
the software of the potentiostat. 
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Figure 5-2: Cyclic voltammogram of 0.2 mM H3PO4  in 50 mM-Mo(VI), 0.5 M-HCl, 70% 
acetonitrile, using potential sweep from 0.1-0.8 V at the GC electrode against Ag/AgCl 
reference electrode. 
Figure 5-2  shows the formal potentials (Ef) of the molybdo-phosphate redox 
couple which were estimated as average values of anodic (Epa) and cathodic 
(Epc) peak potentials, i.e., Ef = (Epa + Epc)/2. The magnitude of separation 
between the anodic (Epa) and cathodic peak potential in an electrochemical 
reversible reaction defines the number of electrons (n) transferred in that electrode 
reaction ?Ep = Epa – Epc, = 59 mV/n. 
5.3.2 FIA measurement 
Once all the electrodes were mounted in the electrochemical cell, the 
carrier/reagent was allowed to flow through the system at rate of 1.2 mL/min; the 
potentiostat was connected to the electrodes. The potential of the working 
electrode was maintained at +0.13 V vs Ag/AgCl. This potential produced the 
highest current signal as shown in Figure 5-7. 
The system was allowed to stabilise for about 3-5 min before any sample injection 
was made. The experimental conditions such as acid, molybdate and organic 
solvent concentrations were optimised via a univariate optimisation process. All 
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standard solutions were prepared in 0.5 M HCl + 70% acetonitrile. Intermediate 
solutions and working standards were prepared daily, using 0.5 M HCl + 70% 
acetonitrile as diluent. 
The samples to be injected were prepared in 0.5 M-HCl and 70%-acetonitrile, and 
combined with Mo(VI) and either phosphonate (Phi) or phosphate (Pi), so that the 
final concentrations of Mo and the analytes were 50 mM and 50 ?M respectively. 
The mixed solutions were injected into the carrier using a syringe. 
Once in the cell, the electrochemical signal was measured and the reduction of the 
pre-formed phosphomolybdate complex occurred simultaneously. The resulting 
phosphomolybdate blue complex was passed to the spectrophotometric detector, 
connected in series. The injections were made in triplicate to measure the 
reproducibility of the system, and to observe any passivation effect of the working 
electrode (if it occurred) by monitoring the peak height of the produced signal. 
5.4 Results and Discussion 
5.4.1 Preliminary CV investigations 
Preliminary screening experiments using cyclic voltammetry were performed to 
evaluate the feasibility and effectiveness of electrochemical response from each 
the analytes (phosphate and inorganic phosphonate) in aqueous/organic solutions, 
using a number of different electrodes (glassy carbon (GC), boron-doped diamond 
(BDD) and platinum (Pt)). These solutions were 0.5 M in HCl, 70% acetonitrile and 
50 mM-Mo(VI). 
Cyclic voltammetry was conducted by scanning the potentials from 0.8-0.1 V for 
GC and Pt electrodes, and -0.2-1.0 V for the BDD electrode. Typical 
voltammograms of the three electrodes with phosphate are shown in Figure 5-3 in 
which both voltammetric cathodic and anodic electrochemical signals are present. 
Anodic peaks are upward (positive) and the cathodic peaks are downward 
(negative). 
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Figure 5-3: Cyclic voltammograms of the system 50mM-Mo(VI)-0.5M-HCl-70%-Acetonitrile in 
the presence of 0.2 mM phosphate using (A) glassy carbon, (B) boron doped diamond and 
(C) platinum electrodes. The scan rate was 100 V s-1. 
The cyclic voltammograms of GC and BDD electrodes exhibit three well-defined 
pairs of peaks indicating the presence of three redox couples in the solution. The 
three reduction peaks of GC and BDD electrodes are at approximately 0.194, 
0.310, 0.38 V and -0.0214, 0.219, 0.360 V respectively. The Pt electrode has two 
peaks at approx. 0.20 and 0.34 V. The current produced by Pt electrode is very 
weak when compared to the other two electrodes, probably due to its size  
It can be observed that the peak currents vary significantly between the 
voltammograms A, B, and C in Figure 5-3, which could be attributed the difference 
in electrochemical processes, occurring on the surface of the electrodes and in the 
bulk solution, such as adsorption or diffusion of the phosphomolybdate complex on 
or into the different electrodes. 
B A 
C
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The results are consistent with other voltammetric investigations of  
phosphomolybdate in acidic solutions containing some organic solvents such as 
acetonitrile or ethanol where a series of consecutive two electron reductions 
occurred to yield various mixed valence Mo(VI)/Mo(V) complexes, in which the first 
three two-electron redox couples are fast and reversible (Zhang et al., 2002, Zepp 
and Cline, 1977). 
In acidic solutions the two electron redox process is accompanied by a two proton 
process reaction, as reported by Wang et al (2002). 
H6PMo12O42
7-
H2PMo12O42
7-
H4PMo12O42
7-
PMo12O42
7-
 + 2H+ + 2e
H2PMo12O42
7-
 + 2H+ + 2e
H4PMo12O42
7-
 + 2H+ + 2e
(1)
(2)
(3)
 
As I have reviewed in the introduction, all yellow phosphomolybdate ions produce 
mixed valence blue species by the application of a suitable reduction potential at 
respective reduction peaks. In general, the reduction of the phosphomolybdate is 
accompanied by protonation, therefore the pH of the solution has great influence 
on the electrochemical behaviour of the complexes. The species PMo12O427- 
anions are stable under acidic conditions in aqueous media at pH < 5.5. Beyond 
this pH range, PMo12O427- anions become unstable due to hydrolytic 
decomposition (Wang et al., 2005a). 
The extremely low background current and extended potential window of BDD 
electrode compared to the GC and Pt electrodes provides a strong advantage in 
the electrochemical detection of phosphate and inorganic phosphonate under the 
given experimental conditions. However, neither BDD nor Pt electrodes suitable 
for FIA were available at the time of this experiment. Therefore, the GC electrode, 
which was second in terms of voltammetric responses of the analytes, was 
adopted as the working electrode for both voltammetric characterisation and 
electrochemical determination of the analytes. 
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5.4.2 Electrochemical investigation of the heteropolymolybdate formation 
Cyclic voltammetric characterisation of the phosphomolybdate complexes was 
conducted in acidic aqueous solutions in the presence of a water miscible organic 
solvent, acetonitrile, using the GC electrode. This was first attempted to establish 
the stability of the background noise and the potential range which could be 
exploited for this study.   
Figure 5-4 shows the cyclic voltammograms from these experiments (A) 
electrolyte solution (0.5 M-HCl +70%-ACN), (B) 50 mM-Mo(VI) reagent +A,  (C) 
and (D) B+ 0.2 mM of phosphate and inorganic phosphonate respectively. 
Cyclic voltammograms of the electrolyte solution (A) in Figure 5-4 do not show any 
reduction peaks upon addition of 50 mM-Mo(VI). When Mo(VI) was added (B) the 
solution assumed a pale yellow colour and a large reduction current appeared 
near 0 V, which is probably the reduction of [Mo6O19]2- species responsible for the 
yellow colour (Himeno et al., 1987, Osakai et al., 1990, Ueda et al., 1997). 
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Figure 5-4: Cyclic voltammograms of (A) the 0.5 M-HCl-70%-acetonitrile (B) in the presence 
of system 50 mM-Mo(VI) + 0.5M-HCl + 70%-ACN.  (C) and (D) represent (B) in the presence of 
0.4 mM phosphate and inorganic phosphonate respectively, using a 3 mm diameter working 
glassy carbon (GC) vs Ag/AgCl electrodes with the scan rate 100 V s-1.  
Figure 5-4 shows that the addition of 0.2 mM of orthophosphate (C) gave three 
well-defined redox couples with peak potentials of 0.194, 0.310, 0.394 V. Similar 
voltammetric responses were obtained with inorganic phosphonate (D) with two 
well defined redox couples with peak potentials of 0.19 and 0.299 V. 
The values of the anodic (Ipa) and cathodic (Ipc) currents are very close, so that 
the ratio of the anodic and cathodic peak currents (Ipa/Ipc) for the 
phosphomolybdate complexes is close to unity. This indicates a very fast and 
simple reversible redox reaction. The significance of this is that any adsorbed 
complex on the surface of the electrode will be removed by the reverse reaction. 
This is very important when these electrodes are employed in an FIA experiment. 
These observations are in general agreement with previous reports for the 
electrochemical behaviour of these complexes in similar solutions (Himeno et al., 
1990a, Himeno et al., 1995). 
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Figure 5-5: Cyclic voltammograms 0.2 mM of P-species (A) phosphate and (B) plots of Ipc 
and Ipa versus of scan rate (v), (C) inorganic phosphonate (D) plots of Ipc and Ipa versus of 
?scan rate (v). Solution: 50mM-Mo(VI)-0.5M-HCl-70%-ACN system; GC electrode. The scan rates 
(?) were 0.05, 0.1, 0.2, 1, 2, 3, 4, 5, for inorganic phosphonate and orthophosphate 0.05, 0.1, 0.2, 
1, 2, 3, 4, 5, 10, 15, 25, 50 and 100V / s, respectively.  
The shapes of the voltammetric peaks in Figure 5-5 are somewhat symmetrical 
unlike the tailed response expected for a diffusive process (Wang et al., 2005a); 
moreover, ?Ep is typically < 59 mV.  These observations are consistent with a 
surface reaction (Ilangovan and Pillai, 1997, Sine et al., 2003). To test this, the 
dependence of both anodic and cathodic current on the scan rate was examined. 
The scan rate was varied from 0.05 to 100 Vs-1 in 0.2 mM of orthophosphate and 
inorganic phosphonate. The results presented in Figure 5-5 indicate that at high 
scan rates the current varies linearly with the scan rate, which indicates that the 
electrochemical behaviour of the phosphomolybdate is controlled by adsorption at 
this time scale. In this case, the adsorption process follows the Langmuir isotherm. 
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The current intensity at the maximum of the forward peak is correlated with scan 
rate and the parameter ?, which represents a fixed amount of material (mol cm-2) 
initially adsorbed on the electrode surface.  
( )4
4
22
υ
RT
AFnIp Γ=  
Where Ip is the peak current, ? is surface coverage of the redox species (mol cm-
2), A is the electrode area (cm2) and ? is the scan rate (Vs-1). 
However, at lower scan rates (0.05 – 3.0 Vs-1) the current depends on the square 
root of the scan rate (?1/2), suggesting a diffusion controlled process in equation 5. 
A plot of Ip against square root of the scan rate shows a linear relationship in this 
range. In such a case the peak current Ip is governed by Randle-Sevcik equation. 
( )54463.0 2/12/1
2/1
CD
RT
nF
nFAIp υ??
???
?
=
 
Where n is number of moles of electrons transferred, A is the area of the electrode 
(cm2) , D is the diffusion coefficient (cm2s-1) , C is the concentration in the solution 
(mol L-1), ? is the scan rate of the potential (Vs-1). 
Comparing equations 4 and 5, it can be seen that at high scan rates, increasing 
the scan rate by a factor of 10 will proportionally increase the intensity of the 
adsorption peak, whereas the response due to diffusion will only increase by a 
factor of ?10. This explains why the adsorption phenomenon dominates the CV 
response at high scan rate. 
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Figure 5-6: Linear relationship of peak current (μA) versus concentration (mM) of 
phosphorus species (A) phosphate (B) inorganic phosphonate. The concentrations were 
0.08, 0.24, 0.40, 0.60, and 0.8mM. The scan rate was 100 V s-1. 
Figure 5-6 shows the linear relationship between the current and concentration of 
the phosphomolybdate complexes. The peak current increases with concentration 
of the electro-active species in the solution, (Ip ? C), as would be expected if the 
equations 4 and 5 are valid. 
It can be concluded that from the CV investigation into the scan rates the electron 
transfer process was controlled by both diffusion and adsorption. However, 
adsorption does not significantly affect the electrochemical response on the time 
scale of an FIA experiment, as passivation of the electrode was not observed. 
The determination of orthophosphate and inorganic phosphonate as the 
phosphomolybdate complex directly using a glassy carbon electrode is very simple 
provided that the experimental conditions are chosen carefully. The adaptation of 
this technique to an FIA system requires the optimisation of the experimental 
parameters, such as potential applied, reagent concentration and a suitable 
electrolyte. The sensitivity should be increased also by the use of a flow cell 
because of the lessened likelihood of adsorption. 
5.4.3 Optimisation of conditions for the formation of heteropolymolybdate 
In order to establish the best experimental conditions for the FIA system and to 
achieve the lowest possible detection limit in water, the effect of the reduction 
potential applied, molybdenum, HCl and organic solvent concentrations were 
studied. As a starting point, the optimum conditions for the batch method were 
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adapted to suit the FIA system. The flow system employed was described in 
section (5.2.1). The working electrode from the FIA system as mentioned earlier 
was the GC vs Ag/AgCl reference electrode. To compensate for any background 
current, in these initial experiments the phosphomolybdate complex was prepared 
prior to injection making sure that the acid and organic solvents were in the same 
proportions as the reagent solution. 
The injection of pre-formed phosphomolybdate complexes was more reliable and 
provided sharper and lower detection limits than the direct injection of samples into 
a flowing stream of reagent, in which the baseline was disturbed by a consistent 
small negative and positive current signal, before it attained a current zero 
background again. The composition of the background electrolyte is very important 
in maintaining low background current level and a high sensitivity. The pre-formed 
phosphomolybdate complex entering the EC flow cell is yellow and due to the 
reduction potential applied it will be converted into a blue complex. 
5.4.3.1 Investigation of the reduction potential for FIA system 
Because the driving force of this method is the reduction potential of the 
phosphomolybdate complexes, a suitable reduction potential was investigated 
first. An important aspect for this investigation was to determine the possibility of 
using reduction potentials to discriminate between both analytes in the case of a 
mixture. 
Initial observations from the cyclic voltammograms of both analytes revealed that 
the reduction potentials of both phosphate and inorganic phosphonate overlap 
each other as shown in Figure 5-4 C and D. 
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Figure 5-7: The potential variations of phosphate (top) and inorganic phosphonate (below) 
using the FIA system. The potential range was 0.1-0.5 V and the concentration of 
phosphorus species 0.4 mM in 0.5 M-HCl-50 mM-Mo(VI)-70%-ACN solution. 
The effect of applied potential in the range from 0.1-0.5 V versus a Ag/ AgCl 
reference electrode is shown in Figure 5-7. As potential moves from positive to 
negative, the current increases. Therefore a reduction potential of 0.13 V was 
chosen as the working potential for the FIA system because it produced the 
highest reduction current. 
It is also clear from the results obtained over the varied potential range that there 
is no single potential value that would permit the determination of individual 
species in a mixture. Attention was therefore turned to investigating other possible 
aspects, such as the ratios of the reagents to phosphorus species, and acid and 
organic solvent concentrations that would allow the individual determination of 
phosphate and inorganic phosphonate in the solution. The next sections will 
present the results of such investigations. 
5.4.3.2 Effect of acid concentration 
As demonstrated in chapter 4 the ratio of acid and molybdenum reagent is the 
dominant factor in the success of the procedure. Sulphuric acid is generally the 
preferred acid for spectrophotometric techniques, but in the case of voltammetry, 
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competition occurs between the phosphate and sulphate ions at the electrode 
surface. This is overcome by the use of HCl. In order to find out the optimum limits 
for HCl on the formation and the stability of phosphomolybdate complex of 
phosphate and inorganic phosphonate, the concentration of hydrochloric acid was 
varied from 0.1-0.2 M.  All other reagents were kept constant at 50 mM-Mo(VI)-
70%-ACN-0.4 mM-P-species.  
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Figure 5-8: The effect of hydrochloric acid concentration on the (A) reduction current of 
phosphomolybdate and (B) the absorbance of phosphomolybdate blue complexes of 
phosphate and inorganic phosphonate. The conditions 50 mM-Mo(VI)-0.4mM-P-species-70%-
ACN, and [HCl] was varied 0.1-2mM.  
As shown in Figure 5-8 (A), the reduction current of phosphomolybdate complex 
started to increased as the hydrochloric acid concentration increased and reached 
its maximum at 0.5 M and 1.0 M of HCl for inorganic phosphonate and phosphate 
respectively. 
The reduction current of phosphorus ions, beyond their maxima remains almost 
constant until the HCl concentration reaches 0.6 M and 1.5 M-HCl, for inorganic 
phosphonate and phosphate, respectively; the slope of the current as function of 
HCl concentration starts decreasing as a result of the instability of 
phosphomolybdate complexes in high acidity. 
This observation shows that the favourable HCl concentration range for the 
formation of the molybdophosphate complex is between 1.0-1.5 M-HCl. This 
supports the similar results reported in chapter 4. 
A B 
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Table 5-1: The ratios of [HCl] : [Mo(VI)]. 
Ratio of [HCl] : [Mo(VI)]  Current / A  
[HCl] / M [Mo(VI)] / mM [Mo(VI)]/[HCl] PO43- PO33- 
0.2 50 250 1.05 0.33 
0.4 50 125 2.27 0.26 
0.6 50 83 2.24 0.69 
0.8 50 63 5.28 0.92 
1 50 50 5.23 1.03 
1.2 50 42 5.63 1.12 
1.4 50 36 5.43 3.47 
1.6 50 31 4.72 3.87 
1.8 50 28 3.67 2.24 
2 50 25 3.47 1.11 
 
On the other hand (B), the absorption of the phosphomolybdate blue complex 
increases as the HCl concentration increases and reaches a maximum 
absorbance at 0.6 M and 1.6 M-HCl for inorganic phosphonate and phosphate 
respectively. 
It can be observed that when the acid concentration is between 0.2-0.8 M-HCl, the 
phosphomolybdate complexes (B) exhibit almost identical behaviour, indicating 
probably the existence of same species of phosphomolybdate complex; 12-
molybdophosphate and 12-molybdophosphonate. This observation is in 
agreement with the work described by Ueda et al (1997). 
However, beyond this region,  the absorbance of molybdophosphonate decreases 
due to instability of the complex, while the absorbance of molybdophosphate 
continues increasing, probably being converted into another form of 
molybdophosphate and reaches a second maximum at an HCl concentration of 
1.6 M after which, it becomes unstable due to high acidity. This is consistent with 
observations made in chapter 4. 
From the Table 5-1 (which shows the acid/molybdenum ratio) it can be observed 
that the molybdophosphate complex is stable when the acid/molybdenum ratio is 
between 36-63, while molybdophosphonate is stable when the ratio is stable 
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between 125-250. This will correspond to an acid concentration of 0.8-1.4 M and 
0.4-0.6 M -HCl for molybdophosphate and molybdophosphonate respectively. This 
is quite different from the observations made for stability of molybdophosphonate 
in chapter 4, in which it was found that the optimum HCl concentration for the 
formation and stability of phosphomolybdate complexes in acidic aqueous 
solutions was between 1.2-1.4 M-HCl. This is probably due to presence of the 
organic solvent ACN as previously reported (Ueda et al., 1997, Himeno et al., 
1999, Himeno et al., 1990a). The result shows that the formation of the 
molybdophosphate complex is more stable in wide range of acid concentrations 
than the molybdophosphonate complex. 
On the basis of the results obtained on the effect of the acid, it could be concluded 
that the optimum acid concentration for the formation of both yellow 
molybdophosphonate and molybdophosphate complexes are 0.5 M and 1.0 M-HCl 
respectively, while the optimum acid concentration for the absorbance of the 
phosphomolybdate blue complexes is 0.5 M for the inorganic phosphonate and 1.6 
M-HCl for the phosphate. This could provide an opportunity to discriminate against 
phosphomolybdate ions of phosphate and inorganic phosphonate in the 
electrochemical analysis or spectrophotometric determination in environmental 
aquatic samples. Since the main target was the direct determination of inorganic 
phosphonate, 0.5 M-HCl was chosen as the optimum acid concentration for the 
stability of inorganic phosphonate which was also sufficiently sensitive for the 
determination of phosphate. 
5.4.3.3 Effect of the Molybdenum (VI) concentration 
Another critically important reagent for the determination of phosphorus ions in an 
environmental aquatic sample is the molybdenum reagent. The effect of the 
molybdate concentration on the reduction current of phosphomolybdate and 
absorbance of the phosphomolybdate blue complexes was studied. This was 
carried out with the objective of finding a way to discriminate between the two 
phosphomolybdate complexes.   
The concentration range studied was 5-50 mM-Mo(VI). At each concentration of 
molybdate studied, an equal concentration of molybdate reagent was used as the 
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carrier. All other reagents were constant: 0.5 M-HCl, 70%-ACN, 0.4 mM-P-
species.  
The results of effect of the molybdate reagent are shown in Figure 5-9: (A) 
electrochemical and (B) absorbance responses of the phosphomolybdate complex 
using the FIA dual detection system. 
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Figure 5-9: The influence of the [Mo(VI)] on the formation of (A) the yellow  
phosphomolybdate, and (B) phosphomolybdate blue complexes at 660 nm in 0.5M-HCl-70%-
ACN and 0.4mM-P-species  [Mo(VI)] was varied 5-50mM. 
The electrochemical signal indicates (A) the reduction current of 
molybdophosphonate starts increasing with increasing  concentration of 
molybdenum until 15 mM-Mo(VI); after this point, increasing the concentration 
does not significantly change the reduction signal, with the response reaching a 
plateau. 
The reduction of molybdophosphate ion, on the other hand, provided a high 
reduction current with low molybdate concentration and then the increase was 
very small but steady, up to the maximum concentration studied (50 mM-Mo(VI)).  
The difference between reduction currents (?i) of molybdophosphate and 
molybdophosphonate after 15 mM-Mo(VI) concentration is almost constant 
indicating that the increase of molybdenum reagent after this point does not affect 
the reduction current of phosphomolybdate species. 
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The absorbance of the phosphomolybdate blue complex Figure 5-9 (B) indicates 
that at low concentrations of molybdate reagent, the blue complex of inorganic 
phosphonate is below the detection limit of the spectrophotometer. After 10 mM-
Mo(VI) was added, the colour increased with increasing the molybdenum 
concentration. In contrast, at 5 mM-Mo(VI) the blue complex of phosphate started 
with a high absorbance value and kept almost constant up to 45 mM-Mo(VI), after 
this concentration the absorbance assumed a very sharp increase at 50 mM-
Mo(VI). 
Table 5-2: The ratio of [Mo(VI)] : [P]-species. 
The ratio of Mo(VI): [P] species in mM Current / A 
[Mo(VI) / mM [P] mM [Mo(VI)] / [P] PO43- PO33- 
5 0.4 13 4.50 0.26 
10 0.4 25 4.54 0.85 
15 0.4 38 4.68 1.55 
20 0.4 50 4.77 1.78 
25 0.4 63 4.78 1.91 
30 0.4 75 4.95 2.03 
35 0.4 88 5.02 2.10 
40 0.4 100 5.15 2.22 
45 0.4 113 5.18 2.32 
50 0.4 125 5.41 2.41 
From the Table 5-2 which shows the ratio of molybdenum and P-species it can be 
observed that the concntrations of phosphomolybdate increases with the increase 
in molybdenum concentration. 
It is evident that for the detection of phosphomolybdate blue complexes by 
absorbance, a high concentration of molybdate reagent is essential for both the 
determination of analytes and the sensitivity of the technique. 
Figure 5-9 clearly shows that determination of inorganic phosphonate requires a 
high concentration of the molybdenum reagent in electrochemical reduction (A) 
and absorbance (B) detection, while phosphate could be determined at much 
lower molybdenum concentrations. On the basis of these observations made on 
the effect of the molybdate reagent on both the reduction current and absorbance 
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of phosphomolybdate and phosphomolybdate blue complexes respectively, it is 
clear that the molybdate reagent concentration can play a major role in 
discriminating between inorganic phosphonate and phosphate ions. 
To investigate further the effect of the molybdate concentrations, a mixture of 0.1 
mM of each orthophosphate and 0.2 mM inorganic phosphonate was prepared. 
Four calibration curves were constructed using two at 2 mM-Mo(VI) and the other 
two at 15 mM-Mo(VI) to analyse the mixture. There was not detectabale signal for 
inorganic phosphonate at 2-mM-Mo(VI). 
Since the concentration of phosphate [Pi] in the mixture is proportional to the peak 
height ht (Pi). 
)6(][)( 11 bPiaPiht +=  
Using 2 mM-Mo(VI), no response from inorganic phosphonate was expected 
based on the preceding results. None was detected. 
Two other calibration curves were prepared, one for each analyte (orthophosphate 
and inorganic phosphonate) this time using 15 mM-Mo(VI) concentrations 
)7(][)( 22 bPiaPiht +=  
)8(][)( 33 bPhiaPhiht +=  
The concentration of orthophosphate in a mixture can be obtained from equation 
(6) at 2 mM-Mo(VI). Then this value can then be inserted into equation (7) to get 
the ht (Pi) expected using 15 mM-Mo(VI). The value of the peak height of 
inorganic phosphonate, ht (Phi) can then be obtained by subtracting the expected 
value of ht (Pi) from equation (7) from experimental result of the mixture at 15 mM-
Mo(VI) as equation (9) shows. 
)9()()()( PihtPiPhihtPhiht −+=  
This value is then inserted into equation (8) to obtain the actual concentration of 
inorganic phosphonate in the mixture. The results from the mixture are shown 
below in Table 5-3. 
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Figure 5-10 Calibration curves obtained with (a) and (c) 15 mM-Mo(VI), for orthophosphate 
and phosphonates respectively and (b) with 2 mM-Mo(VI) for orthophosphate. 
 
Figure 5-11: FIA traces of the mixture, 0.1 and 0.2 mM mM- P-species each in 2 mM-Mo(VI) 
(short peaks) and 15 mM-Mo(VI), (long peaks) respectively. 
 
Table 5-3: Determination of Phi by discrimination on molybdate concentration. The 
concnetrations of P-species were 0.1 mM of Pi and 0.2 mM-Phi.  
[Mo(VI)] 
/ mM 
Pi 
peak 
height 
Phi 
peak 
height 
peak 
height of 
mixture  
expected 
height of Pi 
from the 
mixture 
height of 
Phi by 
subtraction  
[Pi] / 
mM 
[Phi] 
/ mM 
% 
recovery 
2 0.12 0    0.12 0 115 
15   0.40 0.21 0.18  0.21 106 
 
a 
b 
c 
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The result of the above experiment shows that using two different [Mo(VI)], in 
which one is low 2 mM and the other is hgher about 7.5 times more, it might be 
possible to discriminate  between the two P-species.  
5.4.3.4  Effect of organic solvent 
The stability of phosphomolybdate in water miscible organic solvents has been 
previously reported (Fogg and Bsebsu, 1982, Fogg and Bsebsu, 1981b, Himeno et 
al., 1989). It is also reported that the sensitivity can be enhanced by carefully 
choosing the appropriate organic solvent and with a suitable ratio of the reagents 
to acid (Himeno et al., 1989). 
In order to determine the best organic solvent to use and optimum solution ratios, 
an attempt was made to demonstrate the effect of organic solvents acetonitrile on 
both the electrochemical signal and absorbance. 
For the determination of the best ratio of acetonitrile to water using the dual 
detection FIA technique, an optimisation process was conducted using 50 mM-
Mo(VI), 0.5 M HCl- and 0.2 mM-of the phosphorus species of interest. 
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Figure 5-12: The effect of the organic solvent acetonitrile (ACN) on the reduction current (A) 
and absorbance (B) of phosphomolybdate of phosphate and inorganic phosphonate. 
Preliminary investigations revealed that in the presence of acetone, the solutions 
produced a stronger yellow colour and higher peak current in the FIA analysis of 
both phosphate and inorganic phosphonate than in the presence of acetonitrile. 
However, acetone reacted with some of the FIA tubing and no further experiment 
was conducted with acetone. Subsequent experiments were carried out with 
A B
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acetonitrile. This problem could be avoided by employing acetone resistant tubing, 
but by the time of this study this type of tubing was unavailable.  
Figure 5-12  shows the effect of the acetonitrile on the reduction current of the 
yellow phosphomolybdate (A) and absorbance of phosphomolybdate blue 
complexes (B) of phosphate and inorganic phosphonate, respectively. The 
concentration of the acetonitrile was varied from 40-80% (v/v) in acid aqueous 
molybdate at 5 unit intervals. 
The reduction current of phosphomolybdate species (A) increased with acetonitrile 
concentration and reached its maximum at 70% (v/v); after this point, the current 
from molybdophosphonate started decreasing, while molybdophosphate kept a 
constant value. 
A similar observation was made for the absorbance (B), except that the maximum 
value for phosphomolybdate was 70% (v/v) and decreased sharply after 75% (v/v). 
A 70%(v/v)-acetonitrile was chosen as the optimum organic solvent.  
5.5 Analytical Applications 
Using the optimum conditions, which were determined to be 50 mM-Mo(VI), 0.5-
HCl and 70%-ACN, the phosphorus species were injected into the FIA dual 
detection system using the procedure described above 5.3.2. 
Since the detections systems are connected in series, it is expected that 
electrochemical detection of the yellow phosphomolybdate will take place soon 
after injection, followed almost immediately by spectrophotometric detection, and 
that both detection systems will give similar FIA profiles. 
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Figure 5-13: FIA profile for calibration curves of the phosphorus standard solutions. (A) and 
(B) electrochemical signal (mV) and (C) and (D) absorbance of the blue complexes. The 
conditions: applied potential 0.13 V, electrolyte 50 mM-Mo(VI)+0.5M-HCl+70%-ACN.  The 
concentrations of phosphorus species was varied from 0.1 -0.6 mM. and flow rate was 1.2 
mL / min. 
Figure 5-13 shows a calibration curve for consecutive injections of standards 
solutions, (A) and (B) electrochemical detection and (C) and (D) absorbance of 
phosphomolybdate of phosphate and inorganic phosphonate, respectively. 
Each standard was injected in triplicate to check the reproducibility and precision 
of the proposed method. The calibration curves (inset) were obtained for both 
current and absorbance of the standards over the range from 0.1-0.6 mM and 
analytical figures of merit are shown Table 1-2. The calibration curves are linear 
over the range studied. 
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Table 5-4: Analytical figures of merit for the calibration curves of electrochemical and 
spectrophotometric detection of phosphate and inorganic phosphonate.   
 Phosphate Inorganic phosphonate 
 Equations LOD 
(?M) 
R2 Equations LOD 
(?M) 
R2 
EC Y = 1.6317x + 0.0913 56 0.996 Y = 0.8649x + 0.0623  71 0.998 
Abs Y= 0.6161 + 0.0096 16 0.999 Y=1.2773x + 0.00447   35 0.993 
 
The UV-vis detector provided better LODs than the electrochemical detector (EC). 
The detection limit was determined 3*stdv of the lowest standard. 
In order to prove the applicability of the proposed method for determination of 
phosphate and inorganic phosphonate, artificial creek water, which was prepared 
in the laboratory, was spiked with the two analytes and subjected to this method. 
The procedure for preparation of the creek water was previously described by 
Barco et al (2006) 
 
Table 5-5: Determination of phosphate and inorganic phosphonate with FIA dual detection 
system. 
 Electrochemical Absorbance  
 Spiked 
[C] 
(mM) 
Recovered 
[C] (mM) 
% 
Recovery 
Spiked 
[C] 
(mM) 
Recovered 
[C]n (mM) 
% 
Recovery 
Phosphate 0.4 0.43 108 0.40 0.34 85 
Inorganic 
phosphonate 
0.4 0.36 90 0.40 0.48 123 
 
The results obtained for both analytes are presented in Table 5-5. The recovery of 
the electrochemical results of both analytes is within the acceptable limit of the 
standard methods for examination of water and wastewaters  industry (Greenberg 
et al., 1992). However, the absorbance of the blue complex of inorganic 
phosphonate gave a recovery, which is slightly over the upper limit of the 
acceptable recovery for environmental industry (123 vs120). The reason could be 
that some of the ions used to prepare the artificial creek water may have interfered 
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into phosphonate ion analysis. However, similar interference behaviour was not 
observed for phosphate determination, but this needs further investigation. 
5.6 Conclusions 
This study has demonstrated that the application of electrochemical reduction of 
phosphomolybdate coupled with flow injection with dual detection to the analysis 
of natural waters is easy, rapid and a technically feasible alternative to the existing 
methods for the analysis of both analytes. The sensitivity can be improved as the 
system is in its early stages of proof of concept. The formation of the complex 
could be made online using a dual line system. 
The most effective experimental parameters have been explored in order to 
determine the limiting conditions of the formation of the phosphomolybdate 
complexes as well as a means of distinguishing between these two P-species in a 
same sample. 
Two possible ways of discriminating P-species in mixture have been discussed in 
this chapter, the acid and the molybdate concentrations. Despite the fact that the 
two species of phosphorus required different optimum HCl concentrations, the 
interference from each other is very significant in the analysis of a sample in which 
both analytes are present. However, it has been shown that the orthophosphate 
required a lower ratio of Mo(VI):P than the inorganic phosphonate to achieve 
successful detection. In this regard the molybdenum concentration was 
demonstrated to be very promising for the discrimination between the two P-
species.  
The technique is easily applicable to the environmental waters. However, real 
environmental samples contain a variety of organic and inorganic ions, some of 
which could pose a potential interference for the analysis of both inorganic 
phosphonate and phosphate ions in waters and needs to be assessed.  
A preconcentration step is required to lower the detection limit, particularly for the 
phosphonate. 
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6 Determination of glyphosate, its principle degradation 
product aminomethylphosphonic acid and its mono-
isopropylamine salt using electro-generated 
chemiluminescence in a flow injection system. 
6.1 Introduction 
This chapter describes the use of Ru(pby)32+ and Ru(phen)32+ electro-generated 
chemiluminescence ECL   for the determination of glyphosate and related 
compounds in water (Figure 6-1(a) and (b)). An attempt was made also to evaluate 
the potential use of lesser known Ir(ppy)2(phen)+ ECL detection for the determination 
of these P-species Figure 6-1(c). 
As described in the literature review section 2.4.3 the generation of 
chemiluminescence using tris(2,2-bipyridyl)ruthenium(II) (Ru(bpy)32+) has received 
considerable attention over the past two decades as a very sensitive analytical tool 
for the determination certain classes of compounds, in particular secondary and 
tertiary amines (Gerardi et al., 1999a, Ridlen, 1997, Gorman et al., 2006). Because 
glyphosate is an amine, it has the potential to produce chemiluminescence with the 
oxidized form of this compound. 
Recently, a report has been published describing a glyphosate detection system 
using a molecularly imprinted polymer (MIP) technique coupled with KMnO4 
chemiluminescence (Zhao et al., 2011).  Nevertheless, reports of the analytical 
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determination of glyphosate and its degradation products using Ru(bpy)32+ have 
been relatively rare; those available  are summarized in Table 6-1. 
The use of electrochemiluminescence (ECL) (where the oxidized form of the 
ruthenium complex is produced electrochemically rather than chemically) for 
glyphosate determination has also been rare. ECL detection of glyphosate has been 
described as part of an HPLC system, and in capillary electrophoresis (CE) but there 
have been no reports of applications using flow injection analysis (FIA). Furthermore, 
ECL (or CL) detection using luminescent reagents other than Ru(bpy)32+ has not 
been explored. 
The new method described in this chapter is simple, rapid and robust.  Because 
existing methods rely on analyte derivatisation or other lengthy pre-treatment 
procedures, few approaches exist which are applicable for rapid screening.  This 
study has addressed the problem by developing a novel FIA method based on ECL 
detection not only of the herbicide, but also its mono isopropylamine salt and its main 
degradation product, AMPA. In addition, the mechanism by which these analytes 
produce ECL with ruthenium complexes has been explored, and for the first time the 
use of tris(1,10-phenanthroline)ruthenium(II)  Ru(phen)32+ for the ECL detection of 
glyphosate was demonstrated. Importantly, the applicability of the method to real 
samples was also demonstrated. 
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Figure 6-1: Chemical structure of the three luminescence complexes, (a) [Ru(bpy)32+] (b) [Ru(phen)32+] 
(c) [Ir(ppy)2 (phen)+], where (phen) = 1,10-phenanthroline ligands. 
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Table 6-1: The applications of chemiluminescence and electrochemiluminescence detection 
for the glyphosate determination 
Detection Technique Applications  LOD 
(μM) 
RSD 
(%) 
References 
ECL LC Biological 
samples 
-- -- Ridlen (1997) 
ECL HPLC Standard 
solutions 
1.0 x 10-2 -- Ridlen (1997) 
Chemiluminescence HPLC Water, beer, 
beans, and 
cereal 
5.9 -- Sen and 
Baddoo 
(1996) 
ECL CE Soybean 3.5 -- Chiu et al. 
(2008) 
ECL CE Guava 5.9x10-2 -- Hsu and 
Whang 
(2009) 
Chemiluminescence FIA Waste water 7x10-3,  
3.5x10-4 
a,b
 
0.4, 
0.8 
 
Adcock et al. 
(2004) 
Chemiluminescence MIP Carrot, 
Spinach 
0.27 4.68 Zhao et al. 
(2011) 
ECL FIA Artificial creek 
and  tap waters 
0.20b  
0.59a 
28.02c 
2.2 
2.0 
This work 
a
 Mono isopropylamine salt 
b
 Ru(byp)32+ luminescent reagent 
c
 AMPA 
6.2 Experiment 
6.2.1 Instruments 
Cyclic Voltammetry 
Voltammetric experiments were performed using a μAutolab potentiostat (Eco 
chemie, Netherlands). A three-electrode assembly was used consisting of a 3 mm 
diameter glassy carbon working electrode (CH Instruments, Texas, USA), a platinum 
wire auxiliary electrode, Ag/AgCl (3 M KCl) reference electrode and 5 cm3 quartz 
glass bottomed cell.  To facilitate experiments where the ECL signal was 
simultaneously monitored, the cell was placed on top of a photomultiplier tube (PMT) 
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(Electron Tubes Limited model 98285B, Ruislip, UK) in order to collect light emitted 
from the working electrode. 
The apparatus was contained inside a light tight box which also functioned as a 
Faraday cage. The signal from the PMT was passed through a custom-built 
preamplifier and recorded using the auxiliary input channel of the μAutolab 
potentiostat. 
 Flow injection manifold 
The flow injection system consisted of a single line manifold consisting of a Gilson 
minipuls3 peristaltic pump (pump loop tubing 0.86 mm i.d,), 0.5 mm (i.d) manifold 
tubing (PVC / Teflon, John Morris Australia) and a four-port injection valve 
(Rheodyne LLC, California, USA) with a 50 μL injection loop. 
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Figure 6-2: Schematic of the FIA manifold (top) and flow cell (bottom) used for ECL 
determination of glyphosate and aminomethylphosphonic acid (AMPA). 
A custom-built ECL-FIA thin-layer flow cell (Francis and Hogan, 2008)) with a cell 
volume of 4.3 μL (Figure 2) was used. This is similar in design to a conventional thin-
layer electrochemical flow cell except that the light generated in the cell is 
transmitted through a glass window positioned opposite the working electrode.  The 
emitted light was collected using a liquid light guide (Rofin Pty Ltd, Victoria, 
Australia), the other end of which was interfaced with a fluorescence detector (with 
the lamp switched off), Hitachi model F-1050 (Japan). The assembly could be used 
on the bench in ambient light without the need for a light-tight box. 
The electrochemical potential was controlled using a CH Instruments 620C 
potentiostat (Texas, USA), electrochemical and ECL signals were recorded together 
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using an eDAQ 401 USB data recorder (eDAQ Pty Ltd, Australia).  A 3 mm diameter 
glassy carbon working electrode set in a Teflon block (Bio analytical systems, model 
1095) was used as the working electrode for the cell while the stainless steel body of 
the electrochemical cell acted as the auxiliary electrode.  The potential of the working 
electrode was maintained at 1.25 V vs. Ag/AgCl throughout the experiments. 
6.2.2 Chemicals 
Glyphosate [(N-phosphonomethyl) glycine] 98%, monoisopropylamine salt 40% w/v 
and AMPA 99% analytics reagents were purchased from Sigma-Aldrich, Australia. 
Tris(2,2-bipyridyl)ruthenium(II)chloride hex-hydrate and dichlorotris(1,10-
phenanthroline)ruthenium(II) chlorine hydrate, (98%), Figure 6-1 (a and b), bis-(2-
phenylpyridine)(1,10-phenanthroline) Iridium (III) chloride Figure 6-1 (c)  were 
purchased from Sigma-Aldridge. All other chemicals were of analytical grade. 
The required 0.1 M phosphate buffers were prepared by mixing the appropriate ratio 
of (acidic component) potassium dihydrogen orthophosphate (99-101% Ajax 
chemicals) and (basic component) dipotassium hydrogen phosphate (99-101%, Ajax 
chemicals). All aqueous solutions were prepared with MilliQ water (18.2 M?/cm). 
6.3 Procedures 
All solutions were freshly made before use. Stock solutions of the chemiluminescent 
complexes 25 mM of Ru(bpy)32+ and Ru(phen)32+, and 0.1 mM Ir(ppy)2(phen)+ were 
made in water. 20 mM stock solutions of the standards (glyphosate, 
monoisopropylamine salt and AMPA) were made by dissolving the appropriate mass 
of each standard in 25 mL of MillQ water. A 1: 10 dilution was done for each of the 
analyte standards with the required buffer solution. The samples to be injected were 
prepared externally by mixing the chemiluminescence reagent, analytes and 
required buffer up to 2 mL, and then injected into moving stream of same buffer. 
The injected sample would consist 1 mM of the chemiluminescent reagent plus 1 
mM of analyte in 100 mM phosphate buffer at required pH; 80 ?L of 25 mM 
chemiluminescence reagent stock solution, 100 ?L of 20 mM standard stock 
solution, 1.82 mL of 100 mM phosphate buffer at required pH. 
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The samples then were degassed under nitrogen for about 3 min before being drawn 
into a clean 2 mL syringe to be injected into carrier stream. 
6.3.1 Cyclic voltammetric measurement 
Samples consisted of 1×10−3 M ruthenium complex in 0.1 M phosphate buffer at pH 
ranging from 7 to 10, depending on the analyte being investigated. Co-reactants 
(glyphosate, the monoisopropylamine glyphosate salt, and AMPA), when used, were 
also at a concentration of 1×10−3 M. 
Scans were run at a rate of 0.1 Vs−1 over a potential range of 0–1.25 V vs Ag/AgCl 
for aqueous experiments; light and current data were collected and analyzed using 
the GPES Autolab software package. 
6.3.2 FIA measurement 
The FIA-ECL manifold developed in this study was a simple single-line system 
(Figure 6-2). The experimental procedure was optimized to reduce consumption of 
the expensive ECL active reagents, while maintaining a simple experimental 
protocol.   Samples were prepared in an appropriate buffer solution in order to 
maintain the required pH and electrolyte concentration.  Analyte and blank solutions 
for injection were made up to 2 mL in the carrier buffer and the concentration of 
Ru(bpy)32+ was 1x10-3 M throughout all experiments. 
Pre-addition of the ECL reagent reduced consumption of expensive reagents, and 
allowed control of ruthenium complex concentration in the sample plug.  The carrier 
stream consisted of phosphate buffer of 0.1 M adjusted to the required pH (7, 9, or 
10) depending on the analyte of interest. 
The ideal pH was determined for each analyte via an optimization process, 
described below. The optimum pH for glyphosate, monoisopropylamine salt and 
AMPA was determined to be 7, 9, and 10 respectively. 
The flow rate of the carrier stream was set at 1.10 mL min-1. Before measurements 
were taken, the system was allowed to stabilize for approximately 2-3 min so that a 
stable electrochemical baseline was achieved. When the system was stable, 
samples were loaded into the injection loop and subsequently injected into the 
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flowing stream.  Each injection was repeated in triplicate; the average of the three 
injections was used during data analysis.  Between injections, the system was 
allowed to return to a stable baseline. 
Blank signals were recorded for each buffer / complex combination by omitting the 
analyte from the injected mixture. The limit of detection (LOD) is defined by the noise 
on the blank absorbance measurement, where blank is the mean of the blank signal.  
Since blank is assumed to be zero in this case, the limit of detection is 3σ of the 
blank. 
6.4 Results and Discussions 
6.4.1 Electrochemical investigation 
Cyclic voltammetric studies of the analytes with and without Ru(bpy)32+ present were 
conducted in an  aqueous buffer medium in order to gain insight into the mechanism 
of the ECL reaction and to determine the optimal potential necessary to generate the 
emission.   In the absence of Ru(bpy)32+, glyphosate, its mono-isopropylamine salt, 
and AMPA all show characteristic irreversible amine oxidation at potentials just 
negative of the formal potential of the ruthenium complex.  Figure 6-3  shows that 
when the analyte and the luminescent complex are both present in the solution, light 
emission is initiated at the onset of the oxidative wave attributed to the oxidation of  
the ruthenium complex from the 2+ to the 3+ state. 
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Figure 6-3: Simultaneous light detection (A) and cyclic voltammetry (B) for 1.0 mM Ru(bpy)32+  
in the presence of 1.0 mM glyphosate using a 3 mm diameter glassy carbon electrode. The CV 
for Ru(bpy)32+ in the absence of the analyte (C) is also shown. The electrolyte was a 0.1 M pH 7 
phosphate buffer and the scan rate was 0.1 V/s in each case. 
This indicates that the ECL reaction is initiated by Ru(bpy)33+ and not an oxidized 
amine radical, which has been shown to occur under some circumstances for the 
ECL of Ru(bpy)32+ with tertiary amines (Miao et al., 2002). The same pattern was 
observed at the lower Ru(bpy)32+ concentrations of 0.1 mM. 
As the analytes of interest in this study are amines, it is likely that the ECL 
mechanism occurring is similar to that proposed for tripropylamine (Zu and Bard, 
2000), whereby a strongly reducing intermediate radical species is formed via two 
parallel routes: catalytically (A in Figure 6-4) via reaction with electrogenerated 
Ru(bpy)33+ and also directly at the electrode (B in Figure 6-4).These two routes are 
shown on the left and right of Figure 6-4 respectively. 
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Figure 6-4: Parallel mechanisms proposed for ECL reaction of Ru(bpy)32+ with glyphosate. 
 
6.5 Optimisation of the FIA measurement conditions 
In order to determine the optimum conditions of the variables such as the pH, 
appropriate reaction stoichiometry was studied to provide elucidation of the reaction 
mechanism. It had been determined that the reaction between Ru(bpy)32+ and amino 
acids is pH dependent (Brune and Bobbitt, 1991). Therefore, since glyphosate and 
AMPA are tertiary and primary amines respectively, the effect of pH on the 
Ru(bpy)32+ detection system was studied. The effect of the concentration of the 
luminescence complex (Ru(bpy)32+) on the signal to blank ratio was also studied – in 
some cases, higher concentrations of luminescent complex produced a higher ECL, 
but also a higher blank signal (due to reaction with OH- ions at alkaline pH). 
6.5.1 Effect of Ru(bpy)32+ on the signal intensity 
The concentration of Ru(bpy)32+ was varied from 0.125 and 2.5 mM, while keeping 
analyte concentration constant at 1.0 mM. 
As the analytes of interest in this system are amines, it is assumed that (see section 
6.4.1) the analytes are oxidized at the electrode in a non-reversible 2 electron 
process. This supports the electrochemical investigation results above (section 
A B 
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6.4.1) in which the optimum signal-blank ratios were achieved when Ru(bpy)32+ 
concentrations are equal to analyte concentration.  
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Figure 6-5: Ru(bpy)32+ titration curve with (B) glyphosate, (A) monoisopropylamine salt and (C) 
AMPA. Concentration of Ru(bpy)32+ was varied from 0.125 mM to 2.5 mM   and the analyte 
concentration was 1 mM in each case. Experiments were carried out in 0.1 M phosphate buffer 
at pH 7, 9, and 10 respectively. 
As shown in Figure 6-5, the ECL intensity increased from lower to higher 
concentrations of Ru(bpy)32+ until ECL intensity reached a steady state. For all three 
analytes studied, ECL intensity reached a plateau at a ratio of approximately 1:1 of 
Ru(bpy)32+ to analyte. The decrease in signal at ruthenium complex concentrations 
above 2 mM may be due to self-absorption effects. 
These data suggest that under the FIA-ECL condition of 1 to 1 of Ru(bpy)32+ / 
analyte, direct oxidation of the analytes (scheme B in Figure 6-4) predominates over 
the homogenous oxidation process (scheme A in Figure 6-4).  A 1.0 mM luminescent 
complex was chosen for all remaining experiments as the best balance between 
ECL intensity and luminescent reagent consumption. 
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6.5.2 Effect of pH on the signal intensity 
Previous work (Ridlen et al., 1997, Adcock et al., 2004, Chiu et al., 2008) had found 
that the optimum pH for detection of glyphosate by ECL is between  8 and 9, but the 
optimum pH for the detection of AMPA with Ru(bpy)32+ via ECL has not been 
reported previously. Furthermore, there has been no reported application of 
Ru(phen)32+ for the determination of herbicide glyphosate and its metabolite AMPA.  
In this experiment, the effect of pH on FIA-ECL intensity was systematically 
examined for the three analytes, glyphosate, monoisopropylamine and AMPA.  The 
pH of the sample and carrier stream was varied for each analyte over the range of 
4.0 to 10.0 to determine the pH which produced the highest signal to blank ratio for 
FIA-ECL detection.  Figure 6-6 shows the effect of the buffer solution pH on the ECL 
intensities for the reaction of Ru(bpy)32+ with glyphosate, monoisopropylamine salt 
and AMPA. 
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Figure 6-6: The effect of the phosphate buffer solution on FIA-ECL emission intensity for (A) 
monoisopropylamine salt,  (B) glyphosate, (C) AMPA and (D), blank. The concentrations of all 
analytes and luminescent reagent were equal to 1 mM. The pH of the buffer solution was 
varied from 4-10. 
It is clear from Figure 6-6 that the ECL intensity from the reaction between 
Ru(bpy)32+ and all three analytes is very poor when acidic conditions are used. This 
is attributed to the influence of acidic conditions on the de-protonation step, which is 
necessary for the analyte to partake in either of the ECL mechanisms proposed in 
Figure 6-4. 
A previous study (Brune and Bobbitt, 1991) suggested the specie reacting with 
Ru(bpy)32+ in the solution is the anion of the amino-group, and the reaction should be 
faster at pH values equal to or greater than the pKa of the amino group. However, in 
this study it was found that the optimum pH for the determination glyphosate and 
monoisopropylamine salt is 7 and 9 respectively, both of which are below their pKa 
values shown in Table 6-2. A similar result was reported (Chiu et al., 2008, Ridlen, 
1997). Only AMPA satisfied this condition of being above the pKa value with pH 10. 
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Table 6-2: pKa values for glyphosate and AMPA from different experiments 
compounds pKa1 pKa2 pKa3 pka4 pH reference 
Glyphosate 0.8 2.3 
2.09 
5.3 
5.52 
11 
10.28 
5.1 
2-11 
Chen et al. (2009) 
Barja and Afonso (1998) 
AMPA 1.8 5.4 10.0  5.1  Chen et al.(2009) 
 
Therefore it is important to optimize the analytical condition for Ru(bpy)32+ ECL 
reaction, rather than taking only pKa values into account. 
The ECL intensity of glyphosate (C) and monoisopropylamine salt (A) reached a 
maximum before decreasing at higher pH. As the pH becomes more alkaline, an 
increase in the background signal was also observed due to the reaction of 
hydroxide ions with the Ru(III) species, therefore the signal to blank ratio declines 
rapidly at high pH. The optimum pH values for FIA- ECL of 7, 9 and 10, for 
glyphosate, monoisopropylamine salt and AMPA respectively, were used for all 
further experiments. The value for glyphosate is similar to Chiu et al (2008) and 
Adcock et al (2004) who determined that the optimum pH for FIA-ECL reaction to be 
8 respectively. 
6.6 Effect of luminescent complex  
Some reports in the literature have suggested that Ru(phen)32+ provides a higher 
ECL intensity, and thus more sensitive detection for some analytes (Cooke et al., 
2009). However, the ECL of this complex with glyphosate, glyphosate 
monoisopropylamine salt and AMPA has never been performed. 
An assessment was made to evaluate the relative FIA-ECL emission intensity from 
the reactions of three different chemiluminescence complexes, [Ru(bpy)32+], 
[Ru(phen)32+] and [Ir(ppy)2(phen)+] where (phen  is 1,10-phenanthroline), with all 
three analytes. 
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Figure 6-7: ECL signal intensities for the three investigated luminescent reagents Ru(bpy)32+ 
Ir(ppy)(phen) + and Ru(phen)32+ with each of the three analytes. Concentration of luminescent 
reagent was 1 mM in each case; all analytes were measured at a level of 1 mM in 0.1 M 
phosphate electrolyte at pH 7, 9, and 10 for glyphosate, glyphosate monoisopropylamine salt 
and AMPA respectively.  
As previously noted the pH was optimised for only Ru(bpy)32+ with each of the 
analytes and subsequently applied to the other two luminescence complexes, 
[Ru(phen)32+] and [Ir(ppy)2(phen)+]  without any further optimisation. 
Figure 6-7 shows the relative ECL intensities of glyphosate, mono isopropylamine 
salt and AMPA with the three luminescent complexes. The relative FIA-ECL signals 
were determined by triplicate injection of mixed reagents and analytes. 
The results show that the Ru(phen)32+ signal intensity was 30% higher than that of 
Ru(bpy)32+ at pH 7 with glyphosate, while Ru(bpy)32+ was the best complex for ECL 
detection of glyphosate monoisopropylamine salt at pH 9. 
For the detection of AMPA at pH 10, Ru(bpy)32+ and  Ru(phen)32+ exhibited lower 
signal intensities. Thus, Ru(phen)32+ was used for the detection of glyphosate, and 
Ru(bpy)32+ for the monoisopropylamine salt and AMPA. 
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The FIA-ECL intensities of the luminescent complexes towards glyphosate are as 
follows, just taking into account the effect of the pH. 
At pH 7     [Ru(phen)32+]  > [Ru(bpy)32+] > [Ir(ppy)2(phen)+] 
At pH 9 and 10  [Ru(bpy)32+ ] > [Ru(phen)32+] > [Ir(ppy)2(phen)+] 
Table 6-3: FIA-ECL signal ratio of the two luminescence complexes (Ru(bpy)32+, and 
Ru(phen)32+ 
Luminescent 
complexes 
Glyphosate 
(pH=7) 
Monoisopropylamine-salt 
(pH=9) 
AMPA(pH=10) 
Ru(bpy)32+ 1 1 1 
Ru(phen)32+ 1.40 0.77 0.74 
Table 6-3 shows the FIA-ECL signal ratio of different luminescent complexes with 
analytes studied, in which Ru(phen)32+ gave better emission intensity than 
Ru(bpy)32+ with glyphosate at pH 7. 
The FIA-ECL reaction between luminescent complexes and monoisopropylamine 
salt provided the greatest emission intensity for Ru(bpy)32+ at pH 9. This supports the 
recent published (Cooke et al., 2009) results that Ru(bpy-phen)32+ is not more 
sensitive than Ru(bpy)32+.  
Ir(ppy)2(phen)+ produced lowest FIA-ECL emission with all analytes at each of the 
pH levels tested. 
A low concentration 0.1 mM was used for luminescent complexes, because of the 
poor solubility of Ir(ppy)2(phen)+ in aqueous solutions. Since the FIA-ECL intensity of 
the ruthenium complexes is much better than Ir(ppy)2(phen)+, it was decided to 
proceed only with ruthenium in further studies.  In an ECL reaction conducted at pH 
10 for AMPA (Figure 6-7) the emission intensity produced by R(bpy)32+ was slightly 
better than  Ru(bpy-phen)32+. 
A further study was carried out to explore the effect of the luminescent complexes 
concentrations on the ECL intensity of the chemiluminescence complexes with two 
different concentrations of reagents (0.5 and 1.0 mM). The concentrations of the 
analytes were kept 1.0 mM in each case. The results are shown in Figure 6-8. 
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Figure 6-8: Chemiluminescence responses of two different luminescence complexes, 
[Ru(bpy)3]2+, and [Ru(bpy-phen)3]2+  with glyphosate, mono isopropylamine salt, and 
aminomethylphosphonic acid (AMPA). Experimental conditions: concentration of 
chemiluminescence complexes (0.5, and 1.0mM) and all three analytes (1mM) with pH of 7, 9, 
and 10 for glyphosate, mono isopropylamine salt, and aminomethylphosphonic acid (AMPA) 
respectively.  
The effect of the luminescent complexes concentrations on the intensity was 
investigated. It was found as shown in Figure 6-8 that the reaction between 
Ru(phen)32+ and glyphosate at pH 7 exhibits greater ECL intensity than Ru(bpy)32+. 
At other pH values studied, Ru(bpy)32+ provided better ECL intensity than 
Ru(phen)32+. The FIA-ECL emission intensity increased with an increase of the 
concentration of the luminescent complexes for all three analytes. 
As noted earlier monoisopropylamine salt produced a higher ECL emission intensity, 
probably due to extra amine present in the molecule. Therefore it is expected that 
the monoisopropylamine salt would have a higher sensitivity and lower limit of 
detection. 
The environmental application of the herbicide glyphosate or its salt it is known to 
degrade very rapidly to the main degradation product, AMPA. Therefore it is quite 
appropriate to analyse also the degradation product AMPA. 
The ECL reaction between AMPA and ruthenium luminescent complexes, yielded 
poor emission intensity, but the reaction still has analytical merit since the reaction of 
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the ruthenium complexes with AMPA, occurred in the greater efficiency than that of 
the blank solution at high pH 10. 
6.7 FIA investigation 
Figure 6-9 shows the consecutive injections of standards (A) glyphosate, (B) 
glyphosate salt (mono-isopropylamine salt) and (C) AMPA. The carrier stream used 
was phosphate buffer (0.1 M) at pH 7, 9, and 10 for glyphosate (A), 
monoisopropylamine salt (B) and AMPA (C) respectively. The concentrations over 
which a linear response occurred were 10-100 ?M for glyphosate (A), 10-90 ?M for 
monoisopropylamine salt (B) and 50-90 ?M for AMPA (C). In the calibration curve 
the lower concentrations of AMPA are not different from that of the blank which 
corresponds to a higher LOD of AMPA. 
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Figure 6-9: FIA output to determine the linearity of the system after optimization of the pH and 
Ru(bpy)32+. Concentration of (a) glyphosate (glyph), (b) glyphosate-salt (glyph-salt) and (c) 
aminomethylphosphonic acid (AMPA) were varied from (0-100?M) at pH 7, 9, and 10 
respectively.  Ru(bpy)32+ 1 mM, carrier was phosphate buffer according to optimum pH of each 
analyte.  
A) Glyphosate pH 7  
B) Isopropylammonium salt PH 9 
C) AMPA pH 10 
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It is very well known  that primary amines exhibit a poorer (CL) response compared 
to secondary and tertiary amines (Gerardi et al., 1999b). Similar results were 
obtained for the determination of glyphosate and AMPA in ECL-EC by (Chiu et al., 
2008). However, it is clear from Figure 6-9 that the ECL response from 
monoisopropylamine salt is significantly greater than that from glyphosate. As 
mention earlier, similar results were reported by Adcock et al(2004), who explained 
that this superior response is probably due to the presence of second amine group in 
the monoisopropylamine salt, which is absent from glyphosate (the amino acid). 
Table 6-4: Analytical figures of merit for the determination of glyphosate, mono-
isopropylamine-salt and aminomethylphosphonic acid (AMPA)  with Ru(bpy)32+ and 
*Ru(bpy)(phen)32+ (*indicates application of Ru(phen)32+ with glyphosate). 
Analyte Luminescent 
complex 
Equation R2 LOD 
(μM) 
Glyphosate Ru(bpy)32+ y = 0.95 x - 0.68 0.998 0.8 
Mono-isopropylamine salt y = 5.89x + 3.67 0.994 0.6 
Aminomethylphosphonic 
acid 
y = 0.49x – 
13.54 
0.967 50 
Glyphosate  Ru(phen)32+ y = 1.50x + 5.58 0.989 0.2 
Some analytical parameters of merit and calibration curve equations are shown in 
Table 6-4. As mentioned earlier in this section reaction between Ru(bpy)32+, 
monoisopropylamine demonstrated a higher ECL response than that of glyphosate. 
As expected this increased signal intensity resulted in a corresponding lower limit of 
detection, which supports the  findings  by Adcock (2004), who achieved lower 
detection limit for monoisopropylamine. However, there was an increase in the blank 
signal at higher pH 9 for the mono-isopropylamine. 
Calibrations for all three analytes were prepared with Ru(bpy)32+, calibration using 
Ru(phen)32+ (1 x 10-3 M) was only performed with glyphosate. 
6.8 Analytical demonstration 
The direct analysis of environmental samples without the requirement for purification 
or clean-up is the most efficient choice for the analytical chemist, although not 
always possible due to problems with the sample matrix and potential interferences.  
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As discussed in the literature review, previous methods for analysing glyphosate and 
its metabolites all involve relatively complex pre-treatment / derivatisation of the 
sample, complex equipment or a combination of both. The developed FIA-ECL 
technique was successfully demonstrated by direct analysis of Melbourne tap water 
and artificial creek water prepared according the method  of Barco et al (2006). 
Table 6-5 gives the results for Ru(bpy)32+ .  
Table 6-5: Recoveries from direct analysis of environmental samples using ECL-FIA 
 % recovery 
Water Complex Spiked (?M) Glyphosate 
Monoisopropylamine 
salt AMPA 
Artificial 
creek water Ru(bpy)3
2+
 100  70 115 57 
Melbourne 
tap water Ru(bpy)3
2+
 100  76 145 59 
Artificial 
creek water Ru(phen)3
2+
 80  86 -- -- 
Melbourne 
tap water Ru(phen)3
2+
 80  91 -- -- 
Artificial 
creek water Ru(phen)3
2+
 30 115 -- -- 
Melbourne 
tap water Ru(phen)3
2+
 30 125 -- -- 
Satisfactory results were obtained with a mean recovery of 100% ranging from 57-
114% for the spiked tap and artificial creek water analysis.  
However, the mean recovery of monoisopropylamine salt in tap water was higher 
than the acceptable recovery limit.  
Since Ru(phen)32+ gave a better FIA-ECL intensity with glyphosate than Ru(bpy)32+ a 
sample of tap and creek water were spiked with two different concentrations of 
glyphosate standard, and then analyzed with Ru(phen)32+ FIA-ECL. The result of 
such analysis is in Table 6-5. The mean 100% recovery is well within the acceptable 
limit of 86-125%, for both tap and artificial water. 
180 
The industry acceptable limit for mean percent recovery is 70-130%. On the basis of 
these results Ru(phen)32+ may have advantage over Ru(bpy)32+ for the determination 
of glyphosate in the aquatic environment using FIA-ECL conditions. 
It is very well known that glyphosate forms stable complexes with many multivalent 
cations such as Cu2+, Zn2+, Fe2+, Fe3+ etc. It is also equally well known that 
glyphosate degrades in the environment to its main metabolite 
aminomethylphosphonic AMPA; therefore it is possible that the signal from 
glyphosate may be decreased due to formation of glyphosate-metal complexes. 
Because of its higher detection limit, AMPA may prove difficult to quantify, 
particularly in trace concentrations.  
The proposed FIA-ECL method is simple, and easy to implement. However, it is not 
particularly selective to analytes of interest (glyphosate and AMPA), and it may suffer 
interference from structurally similar compounds, which may be present in the 
sample. Both the selectivity and sensitivity could be improved by incorporating 
preconcentration techniques. On line sample preparation will also enhance the 
capability of the methods and time efficiency. Nevertheless it shows the possibility to 
determine glyphosate and its main metabolite, AMPA in an aquatic environment 
6.9 Conclusions 
An FIA-ECL procedure was developed and optimized to detect glyphosate, the 
mono-isopropylamine salt, and the degradation product AMPA. The developed 
technique uses a simple single line FIA manifold, is easy to operate, and uses 
relatively low cost equipment. In addition, the system could quite easily be 
miniaturized for use in the field. The sensitivity of the technique needs a lot of 
improvement in order to be comparable to previous reported methods for glyphosate 
and AMPA.  
The technique was used to directly analyze a spiked sample in a Melbourne tap, and 
simulated creek water matrix with moderate success, without any other sample 
treatment, making it unique among the current common lab procedures for 
determination of glyphosate and its metabolites. To improve the sensitivity further 
some preconcentration step can be introduced. 
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This research exhibits the flexibility of the Ru(bpy)32+ and Ru(phen)32+ECL system 
and wide range of potential applications. This method should be applicable for the 
rapid screening of glyphosate and its main metabolite aminomethylphosphonic acid 
(AMPA) in environmental waters. It is also hoped that this method will be useful both 
in environmental research fields and industry. 
Previous applications for the determination of glyphosate and AMPA with Ru(bpy)32+ 
have introduced the reagent by merging with flowing stream. Despite the fact that 
this is an easier for automation of the technique and sample preparation, it could 
result a huge waste of the very expensive chemiluminescence reagent. The 
difference between other methods and the approach adopted for this method, is that 
1 g of Ru(bpy)32+ could be used for the analysis of approximately 2000 samples 
assuming a 20% loss of the reagent, and gives superior flexibility for the precise  
control of the Ru(bpy)32+ chemiluminescence reagent concentration. This could be 
improved further by incorporating, mode controlled reagent line in order to select 
precise timely fashion. 
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7  Conclusion and recommendations 
7.1 Conclusions 
 
One of the specific reasons for undertaking this study was the concern about the 
contribution of phosphonate, both organic and inorganic to the biogeochemical 
cycling of phosphorus, which in turn has a critical role in the eutrophication of water 
systems. The concern was derived from the fact that large quantities of phosphorus 
pesticides, in particular phosphonates such as the herbicide glyphosate and 
fungicide inorganic phosphonate are applied every year into the environment and the 
subsequent adverse effect of P loading of these pesticides. 
Once these compounds are in the environment they might be subject to interactions 
with other species already in the system or subject to irradiation from sunlight. As 
shown in this thesis and other reported works, these reactions can lead to the 
degradation of the P-species to phosphate, which will cause environmental problems 
as noted earlier. Consequently, there is a need to understand what happens to these 
compounds once in the environment and to do this, a fast and inexpensive 
monitoring system is required. 
The objectives of this project as described in introduction were achieved. It was 
found that in this study that the pesticides: glyphosate, inorganic phosphonate, and 
the main degradation product of glyphosate AMPA were photodegradable and that 
one of the end products is phosphate. This was proven by exposing aqueous 
183 
solutions of the pesticides directly to UV and natural sunlight. The degradation 
process was studied using 31P NMR to identification of the degradation products.  
The photochemical experiment was used to investigate the effect of the pH of the 
sample and Fe(II) ions. Different pHs (4, 7, and 9) were used in order to explore as 
closely as possible typical pH found in the environment. The effect of the presence of 
typical concentration of Fe(II) ion in the natural environment was evaluated.  
Irradiating glyphosate solutions with either sunlight or UV caused significant 
degradation to AMPA and Pi.  This degradation was faster at pH 4. However, neither 
source of light had much effect on the degradation of AMPA, although at pH 4 it 
degraded very slowly to Pi.  
Irradiation of inorganic phosphonate to orthophosphate was found to be effective at 
pH 7 & 9, but not at pH 4. 
Although, the artificial UV irradiation had a greater effect on the degradation of 
pesticides when compared to sunlight, the effect of sunlight was still strong enough 
to produce degradation products in a short period of two weeks. The results obtained 
from these experiments have elucidated the degradation products of the selected 
phosphonates.  
A degradation mechanism was suggested for the degradation process of glyphosate 
and inorganic phosphonate. This may change the view that is generally held about 
the photodegradability of phosphonates, which is that phosphonates are resistant to 
photodegradation. This may further improve the application and the use of these 
chemicals in the environment in the future.  
As discussed in chapter 1 glyphosate is tightly bound to the soil and sediment 
particles and microbial degradation of the bound glyphosate is much slower than that 
of the unbound herbicide glyphosate. It was also noted in the same chapter that 
addition of phosphate to the system reduced the adsorption of glyphosate. One 
consequence of this is that some of the adsorbed glyphosate might be released and 
become a photodegradable source of phosphorus which in-turn could increase the 
phosphate levels in the water. If this is the case, then the effect of glyphosate in the 
water may produce a greater loading of phosphate in the water.  
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Another source of orthophosphate generation in the environment might be 
unfortunate promotion of phosphonate ion as fertilizer and the application as 
systemic fungicide against phytophthora esp. As result of these applications, runoff 
containing pesticide and the subsequent exposure to sunlight may contribute to the 
P-loading in the system from phosphonate.  
Another important aspect of this thesis was to be able to follow the final fate of these 
pesticides in the environment by monitoring both the parent compounds and their 
degradation products using suitable analytical techniques. Analytical methods 
suitable for the determination of glyphosate, AMPA, inorganic phosphonate and 
orthophosphate were developed and evaluated.  
Flow injection techniques coupled with different detection systems such as 
spectrophotometric, electrochemical (EC) and electro-generated chemiluminescence 
(ECL) were used to permit rapid, inexpensive, potentially portable and  determination 
of pesticides of interest (glyphosate and inorganic phosphonate) and their 
degradation products (AMPA and orthophosphate). The FIA spectrophotometric 
system described in chapter 4 was able to detect all four phosphorus species, 
glyphosate, AMPA, inorganic phosphonate and orthophosphate, by taking advantage 
the reaction between phosphorus moiety and acidic molybdenum, in which the 
yellow phosphomolybdenum complexes  is formed. Since it is possible that a number 
of phosphomolybdate complexes of any P-species and Mo(VI) may form, the 
possibility of discriminating between those complexes was investigated. This was 
done by carefully evaluating the favorable formation and stability conditions in a wide 
range of reagent (Mo(VI), SnCl2) and HCl concentrations.  
In this spectrophotometric method, the reaction between phosphonates and 
molybdenum was slow and heating was required, but this created air bubbles in the 
system, which needed to be removed before the detector. A solution to this problem 
is to use the FIA electrochemical dual detector system (FIA-EC) described in chapter 
5. This also used acidic molybdenum chemistry (in the presence of organic solvent); 
however, only inorganic phosphonate and orthophosphate were detectable in the 
FIA-EC dual system. The effect of the reagent Mo(VI) HCl, and organic solvent 
concentrations on the stability of the complex was studied. Although both HCl and 
Mo(VI) concentrations provided an opportunity to discriminate between the two 
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phosphomolybdate complexes of Pi and Phi, changing the concentration of Mo(VI) 
from  2 mM to 15 mM provided clear distinction between the two compounds. This 
was demonstrated by employing the two Mo(VI) concentrations chosen in a spiked 
water sample. 
In contrast to the spectrophotometric system, high temperature was not necessary 
when using the ECL system as the reduction process occurs at the electrode. The 
electrochemical FIA-EC dual system has many advantages over the previous system 
in Chapter 4, a lower limit of detection, a very simple manifold which consisted of 
only one line and no heating required. 
Since both glyphosate and AMPA contain amine groups, flow injection analysis 
coupled with electrogenerated chemiluminescence (ECL) detection in chapter 6 was 
used to evaluate the rapid determinations of glyphosate and AMPA using reagents 
which luminesce in the presence of amines.  
Ru(bpy)32+  and Ru(phen)32+ based ECL detection is especially sensitive to 
compounds containing tertiary and secondary amine groups and has been used 
widely for the sensitive and selective detection in a variety of analytical operations. It 
is also attractive detection system for the determination of primary amines.  
Even though Ru(bpy)32+ ECL detection has been used for glyphosate determination 
in water in other analytical applications, it is the first time the use of  Ru(phen)32+ in 
the determination of glyphosate and AMPA has been reported.  These detection 
systems gave comparable detection limits to other detection techniques without the 
need for a pretreatment step.  
The work presented in this thesis successfully combined flow injection analysis with 
spectrophotometric, electrochemical EC and electrogenerated chemiluminescence 
ECL detection systems, which could be used for the determination of phosphonate 
pesticides. Electrochemical techniques (both EC and ECL) have advantage of being 
much more sensitive but subject to interferences from impurities if similar 
compounds are present in the matrix. This would be resolved with the use of online 
preconcentration and clean up. FIA-ECL is very sensitive in alkaline solutions, 
however is associated with high response from the blank. However, this can be 
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resolved by taking into account the blank signal and then subtracting it from the 
sample response. 
7.2 Recommendations 
In chapter three the observations and the results obtained from the study suggest 
that further studies of the photodegradation of these pesticides, using different types 
of waters, such as drinking, well, surface, and estuarine water should be performed 
in order to assess the influence of many other environmental parameters such as 
electrical conductivity (EC), dissolved organic carbon (DOC), metal ions and humic 
substances. 
Chapter 4 described the problem of air bubbles in the FIA system due to the heating 
process. This was the main disadvantage with the FIA spectrophotometric detection 
system. This study had used the approach of removing the air bubbles by lowering 
the temperature of the solution before it reaches the detector. There are two possible 
ways that could be recommended to overcome this problem (i) introduction of a 
suitable debubbler, or (ii) finding an effective catalyst which can remove the need for 
high temperature.  
Alternately, incorporating the current FIA with online photo-oxidation (McKelvie et al., 
1989) equipment should enable cleavage of the H-P and the C-P bond in these 
compounds producing orthophosphate, which  can subsequently be determined as 
reactive phosphorus with the molybdenum blue method. 
Since the oxidation state of the phosphorus present in both glyphosate and AMPA is 
same as the oxidation state phosphorus in inorganic phosphonate ion (P(III)), it is 
possible to assume that the three phosphorus species may form similar 
phosphomolybdate blue complexes.  However, it was found that the shape of the 
peak of inorganic phosphonate is different from these of glyphosate and AMPA. This 
could provide an opportunity to discriminate inorganic phosphonate from glyphosate 
and AMPA using spectral analysis techniques. Chemometric analytical techniques, 
which could take advantage over full spectrum or difference in wavelengths maxima 
for overlapping spectra, could be used to resolve this type of problem.  
187 
Using the derivative of the absorption spectrum is another useful tool for extracting 
and analysing both qualitative and quantitative information from the spectra of 
mixture of components. It resolves the problem of overlapping spectra, or eliminates 
the interference of the matrix or some other species in the samples. It is most 
important to choose the optimal derivative order to resolve the absorption spectra. 
Resolution increases with the derivative order. For quantitative analysis it is 
necessary to measure the peak amplitude of the derivative spectra in the 
concentration range of the Lambert-Beer linearity. However, full spectrum 
quantitation (FSQ) does not suffer from the limitations of the conventional multi-
components analysis, because FSQ uses the full spectrum of the mixture, rather 
than using a set of discrete wave-lengths. 
The FIA-EC technique described in chapter five will need further experimentation to 
evaluate the possible interference other species. 
The application of Ru(bpy)32+ and Ru(phen)32+ as ECL reagents has not been fully 
examined, although examples of other CL based multicomponent analysis (MCA) 
have appeared in the literature. Therefore the use of MCA to resolve the analysis of 
both components (glyphosate and AMPA) in a mixture reacting simultaneously in an 
FIA-ECL system seems a reasonable prospect.  
Limits of detection could be improved by adjusting flow rates and inserting a 
preconcentration step prior to detection. 
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Appendices 
Appendix 1: Photodegradation of phosphonates  
 Sun’s energy calculated using solar constant during the months of the summer. 
Solar constant at 
Noon tD Time (sec) Sun energy (mJ) 
80% of Sun 
energy (mJ) 
1.32E+02 1.44E+01 5.19E+04 2.18E+06 1.74E+06 
1.32E+02 1.44E+01 5.20E+04 2.18E+06 1.75E+06 
1.32E+02 1.45E+01 5.21E+04 2.19E+06 1.75E+06 
1.32E+02 1.45E+01 5.21E+04 2.19E+06 1.75E+06 
1.32E+02 1.45E+01 5.22E+04 2.19E+06 1.76E+06 
1.32E+02 1.45E+01 5.22E+04 2.20E+06 1.76E+06 
1.32E+02 1.45E+01 5.23E+04 2.20E+06 1.76E+06 
1.32E+02 1.45E+01 5.23E+04 2.20E+06 1.76E+06 
1.32E+02 1.45E+01 5.24E+04 2.21E+06 1.77E+06 
1.32E+02 1.46E+01 5.24E+04 2.21E+06 1.77E+06 
1.32E+02 1.46E+01 5.25E+04 2.21E+06 1.77E+06 
1.33E+02 1.46E+01 5.25E+04 2.21E+06 1.77E+06 
1.33E+02 1.46E+01 5.25E+04 2.22E+06 1.77E+06 
1.33E+02 1.46E+01 5.25E+04 2.22E+06 1.77E+06 
1.33E+02 1.46E+01 5.26E+04 2.22E+06 1.78E+06 
1.33E+02 1.46E+01 5.26E+04 2.22E+06 1.78E+06 
1.33E+02 1.46E+01 5.26E+04 2.22E+06 1.78E+06 
1.33E+02 1.46E+01 5.26E+04 2.22E+06 1.78E+06 
1.33E+02 1.46E+01 5.26E+04 2.22E+06 1.78E+06 
1.33E+02 1.46E+01 5.27E+04 2.22E+06 1.78E+06 
1.33E+02 1.46E+01 5.27E+04 2.23E+06 1.78E+06 
1.33E+02 1.46E+01 5.27E+04 2.23E+06 1.78E+06 
1.33E+02 1.46E+01 5.27E+04 2.23E+06 1.78E+06 
1.33E+02 1.46E+01 5.27E+04 2.23E+06 1.78E+06 
1.33E+02 1.46E+01 5.26E+04 2.22E+06 1.78E+06 
1.33E+02 1.46E+01 5.26E+04 2.22E+06 1.78E+06 
1.33E+02 1.46E+01 5.26E+04 2.22E+06 1.78E+06 
1.33E+02 1.46E+01 5.26E+04 2.22E+06 1.78E+06 
1.33E+02 1.46E+01 5.26E+04 2.22E+06 1.78E+06 
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1.33E+02 1.46E+01 5.26E+04 2.22E+06 1.78E+06 
1.33E+02 1.46E+01 5.25E+04 2.22E+06 1.77E+06 
1.33E+02 1.46E+01 5.25E+04 2.22E+06 1.77E+06 
1.33E+02 1.46E+01 5.25E+04 2.21E+06 1.77E+06 
1.32E+02 1.46E+01 5.24E+04 2.21E+06 1.77E+06 
1.32E+02 1.46E+01 5.24E+04 2.21E+06 1.77E+06 
1.32E+02 1.45E+01 5.24E+04 2.21E+06 1.76E+06 
1.32E+02 1.45E+01 5.23E+04 2.20E+06 1.76E+06 
1.32E+02 1.45E+01 5.23E+04 2.20E+06 1.76E+06 
1.32E+02 1.45E+01 5.22E+04 2.20E+06 1.76E+06 
1.32E+02 1.45E+01 5.22E+04 2.19E+06 1.75E+06 
1.32E+02 1.45E+01 5.21E+04 2.19E+06 1.75E+06 
1.32E+02 1.45E+01 5.20E+04 2.19E+06 1.75E+06 
1.32E+02 1.44E+01 5.20E+04 2.18E+06 1.75E+06 
1.32E+02 1.44E+01 5.19E+04 2.18E+06 1.74E+06 
1.32E+02 1.44E+01 5.18E+04 2.17E+06 1.74E+06 
1.32E+02 1.44E+01 5.18E+04 2.17E+06 1.73E+06 
1.31E+02 1.44E+01 5.17E+04 2.16E+06 1.73E+06 
1.31E+02 1.43E+01 5.16E+04 2.16E+06 1.73E+06 
1.31E+02 1.43E+01 5.15E+04 2.15E+06 1.72E+06 
1.31E+02 1.43E+01 5.15E+04 2.15E+06 1.72E+06 
1.31E+02 1.43E+01 5.14E+04 2.14E+06 1.71E+06 
1.31E+02 1.42E+01 5.13E+04 2.14E+06 1.71E+06 
1.31E+02 1.42E+01 5.12E+04 2.13E+06 1.70E+06 
1.31E+02 1.42E+01 5.11E+04 2.12E+06 1.70E+06 
1.30E+02 1.42E+01 5.10E+04 2.12E+06 1.69E+06 
1.30E+02 1.41E+01 5.09E+04 2.11E+06 1.69E+06 
1.30E+02 1.41E+01 5.08E+04 2.10E+06 1.68E+06 
1.30E+02 1.41E+01 5.07E+04 2.10E+06 1.68E+06 
1.30E+02 1.41E+01 5.06E+04 2.09E+06 1.67E+06 
1.29E+02 1.40E+01 5.05E+04 2.08E+06 1.67E+06 
1.29E+02 1.40E+01 5.04E+04 2.07E+06 1.66E+06 
1.29E+02 1.40E+01 5.03E+04 2.07E+06 1.65E+06 
1.29E+02 1.39E+01 5.02E+04 2.06E+06 1.65E+06 
1.29E+02 1.39E+01 5.01E+04 2.05E+06 1.64E+06 
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1.28E+02 1.39E+01 5.00E+04 2.04E+06 1.63E+06 
1.28E+02 1.38E+01 4.99E+04 2.03E+06 1.63E+06 
1.28E+02 1.38E+01 4.97E+04 2.03E+06 1.62E+06 
1.28E+02 1.38E+01 4.96E+04 2.02E+06 1.61E+06 
1.27E+02 1.38E+01 4.95E+04 2.01E+06 1.61E+06 
1.27E+02 1.37E+01 4.94E+04 2.00E+06 1.60E+06 
1.27E+02 1.37E+01 4.93E+04 1.99E+06 1.59E+06 
1.27E+02 1.36E+01 4.91E+04 1.98E+06 1.59E+06 
1.26E+02 1.36E+01 4.90E+04 1.97E+06 1.58E+06 
1.26E+02 1.36E+01 4.89E+04 1.96E+06 1.57E+06 
1.26E+02 1.35E+01 4.88E+04 1.95E+06 1.56E+06 
1.26E+02 1.35E+01 4.86E+04 1.94E+06 1.55E+06 
1.25E+02 1.35E+01 4.85E+04 1.93E+06 1.55E+06 
1.25E+02 1.34E+01 4.84E+04 1.92E+06 1.54E+06 
1.25E+02 1.34E+01 4.82E+04 1.91E+06 1.53E+06 
1.24E+02 1.34E+01 4.81E+04 1.90E+06 1.52E+06 
1.24E+02 1.33E+01 4.80E+04 1.89E+06 1.51E+06 
1.24E+02 1.33E+01 4.78E+04 1.88E+06 1.50E+06 
1.23E+02 1.32E+01 4.77E+04 1.87E+06 1.50E+06 
1.23E+02 1.32E+01 4.75E+04 1.86E+06 1.49E+06 
1.22E+02 1.32E+01 4.74E+04 1.85E+06 1.48E+06 
1.22E+02 1.31E+01 4.73E+04 1.84E+06 1.47E+06 
1.22E+02 1.31E+01 4.71E+04 1.82E+06 1.46E+06 
1.21E+02 1.31E+01 4.70E+04 1.81E+06 1.45E+06 
1.21E+02 1.30E+01 4.68E+04 1.80E+06 1.44E+06 
1.20E+02 1.30E+01 4.67E+04 1.79E+06 1.43E+06 
1.20E+02 1.29E+01 4.66E+04 1.78E+06 1.42E+06 
1.20E+02 1.29E+01 4.64E+04 1.77E+06 1.41E+06 
1.19E+02 1.29E+01 4.63E+04 1.75E+06 1.40E+06 
1.19E+02 1.28E+01 4.61E+04 1.74E+06 1.39E+06 
1.18E+02 1.28E+01 4.60E+04 1.73E+06 1.38E+06 
1.18E+02 1.27E+01 4.58E+04 1.72E+06 1.37E+06 
1.17E+02 1.27E+01 4.57E+04 1.70E+06 1.36E+06 
1.17E+02 1.26E+01 4.55E+04 1.69E+06 1.35E+06 
1.16E+02 1.26E+01 4.54E+04 1.68E+06 1.34E+06 
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1.16E+02 1.26E+01 4.52E+04 1.67E+06 1.33E+06 
1.15E+02 1.25E+01 4.51E+04 1.65E+06 1.32E+06 
1.15E+02 1.25E+01 4.49E+04 1.64E+06 1.31E+06 
1.14E+02 1.24E+01 4.48E+04 1.63E+06 1.30E+06 
1.14E+02 1.24E+01 4.46E+04 1.62E+06 1.29E+06 
1.13E+02 1.24E+01 4.45E+04 1.60E+06 1.28E+06 
 
Relative concentrations of P-species and the concentration-time integrals at different times. 
The grey cells indicate the real experimental results. 
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Th
et
a
 C
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16.16 0.00 0.00 1.00 0.00 0.00 __ __ __ 
15.71 0.42 0.14 0.97 0.03 0.01 0.99 0.01 0.004 
15.25 0.83 0.28 0.94 0.05 0.02 1.94 0.05 0.017 
14.80 1.24 0.42 0.92 0.08 0.03 2.87 0.12 0.039 
14.36 1.64 0.56 0.89 0.10 0.03 3.78 0.20 0.069 
13.92 2.04 0.69 0.86 0.13 0.04 4.65 0.32 0.108 
13.49 2.42 0.82 0.83 0.15 0.05 5.50 0.46 0.154 
13.08 2.79 0.95 0.81 0.17 0.06 6.32 0.62 0.209 
12.67 3.15 1.07 0.78 0.20 0.07 7.12 0.80 0.272 
12.28 3.49 1.19 0.76 0.22 0.07 7.89 1.01 0.342 
11.90 3.82 1.30 0.74 0.24 0.08 8.64 1.23 0.419 
11.55 4.12 1.41 0.71 0.25 0.09 9.36 1.48 0.502 
11.21 4.40 1.51 0.69 0.27 0.09 10.07 1.74 0.593 
10.89 4.65 1.60 0.67 0.29 0.10 10.75 2.02 0.689 
10.60 4.88 1.68 0.66 0.30 0.10 11.42 2.32 0.790 
10.33 5.08 1.75 0.64 0.31 0.11 12.06 2.63 0.896 
10.08 5.25 1.82 0.62 0.33 0.11 12.69 2.95 1.007 
9.86 5.41 1.88 0.61 0.33 0.12 13.31 3.28 1.122 
9.65 5.54 1.93 0.60 0.34 0.12 13.92 3.62 1.240 
9.46 5.66 1.98 0.59 0.35 0.12 14.51 3.96 1.361 
9.28 5.77 2.03 0.57 0.36 0.13 15.09 4.32 1.485 
9.11 5.87 2.07 0.56 0.36 0.13 15.65 4.68 1.612 
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8.95 5.97 2.11 0.55 0.37 0.13 16.21 5.04 1.741 
8.79 6.07 2.14 0.54 0.38 0.13 16.76 5.42 1.872 
8.64 6.17 2.18 0.53 0.38 0.13 17.30 5.79 2.006 
8.49 6.28 2.21 0.53 0.39 0.14 17.83 6.18 2.142 
8.34 6.40 2.25 0.52 0.40 0.14 18.35 6.57 2.280 
8.19 6.54 2.29 0.51 0.40 0.14 18.86 6.97 2.420 
8.03 6.69 2.33 0.50 0.41 0.14 19.37 7.38 2.563 
7.86 6.86 2.38 0.49 0.42 0.15 19.86 7.80 2.709 
7.69 7.06 2.42 0.48 0.44 0.15 20.34 8.23 2.857 
7.51 7.27 2.48 0.46 0.45 0.15 20.81 8.67 3.009 
7.32 7.50 2.53 0.45 0.46 0.16 21.27 9.13 3.164 
7.13 7.74 2.59 0.44 0.48 0.16 21.72 9.60 3.322 
6.93 8.00 2.65 0.43 0.50 0.16 22.15 10.09 3.484 
6.73 8.27 2.71 0.42 0.51 0.17 22.57 10.59 3.650 
6.53 8.55 2.77 0.40 0.53 0.17 22.98 11.11 3.819 
6.32 8.84 2.84 0.39 0.55 0.18 23.38 11.65 3.993 
6.10 9.14 2.91 0.38 0.57 0.18 23.77 12.21 4.170 
5.89 9.44 2.97 0.36 0.58 0.18 24.14 12.78 4.352 
5.67 9.75 3.04 0.35 0.60 0.19 24.49 13.38 4.538 
5.46 10.07 3.11 0.34 0.62 0.19 24.84 13.99 4.729 
5.24 10.38 3.18 0.32 0.64 0.20 25.17 14.62 4.923 
 
 
 
 
 
 
 
Phosphate and Methylenediphosphonic acid (MDPA) standard used to calculate the 
concentration of P-species. 
Phosphate & MDPA standards     
Compound Chemical shifts ppm Peak area Concentrations / mM 
MDPA 16.85 100 250 
Phosphate 1.519 31.8 5 
Phosphate 1.522 64.9 10 
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Figure A1 1: Calibration curve used to normalise the reference standard 
 
 
Figure A1-2: Plot of ([A]0-[A] / ([A]0*ThetaB,t) versus ThetaA,t /ThetaB,t 
 
 
Figure A1-3: Plot of [B] / ([A]0*ThetaA,t) versus ThetaB,t /ThetaA,t 
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Figure A1-4: Plot of [C] / ([A]0*ThetaA,t) versus ThetaB,t /ThetaA,t 
 
Calculated K1, k2, and K3 values using Interpolate 
K1 day-1 K2 day-1 K3 day-1
0.0298 0.0074 -0.0008 
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Appendix 2 Calibration data for the Batch, FIA methods and Flow 
rates. 
 Data for the calibration curve for P-species used in the batch method. 
Orthophosphate  phosphonate 
Pi   Phi Gly AMPA 
C/ uM ABS [C] / mM abs abs abs 
0 0.079 0 0.01 0.04 0.04 
0 0.307 0.25 0.17 0.18 0.22 
0 0.407 0.5 0.38 0.27 0.38 
0 0.546 0.75 0.47 0.42 0.61 
0 0.67 1 0.72 0.53 0.72 
0 1.055 1.25 0.96 0.63 0.9 
 
 Data for the calibration curve for P-species used in the batch method. 
Orthophosphate   Phi Glyph AMPA 
[C] / uM Abs [C] / uM ABS 
0 0.079 0 0 0.009 0.15 
0.646 0.307 250 0.016 0.222 0.25 
0.969 0.407 500 0.028 0.377 0.343 
1.296 0.546 750 0.04 0.558 0.42 
1.614 0.67 1000 0.052 0.721 0.533 
2.583 1.055 1250 0.065 0.883 0.634 
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Flow rates for the carrier, reagent (R1) and reagent (R2) determination and required reagent 
concentration for each flow rate. The mass of each reagent was calculated. 
Molydenum (VI)  reagent for FIA system in diferent flow rates 
Lines Flow rate 
mL / min 
Total Flow rate 
mL / min 
Mo(VI) Mass in 
grams required 
[R] initial 
/ mM 
[R] required 
/ mM 
[HCl] 
/ M 
Carrier 1.25 2.36 25.71 106.25 50 2.55 
R1 1.1           
              
Carrier 2.33 3.99 29.03 119.99 50 2.88 
R1 1.66           
              
Carrier 3.33 5.83 28.22 116.62 50 2.78 
R1 2.5           
              
Carrier 4.98 8.31 30.22 124.89 50 2.99 
R1 3.33           
Stannous chloride reagent for FIA system in different flow rates 
Lines Flow rate 
mL / min 
Total Flow rate 
mL / min 
Mass of SnCl2 in 
grams 
[R] initial 
/ mM 
[R] required 
/ mM 
[HCL] 
/ M 
Carrier 1.25 3.36 0.12604 2.03 0.665 1.2 
R1 1.1           
R2 1           
Carrier 2.33 5.66 0.12748 2.26 0.665 1.2 
R1 1.66           
R2 1.67           
Carrier 3.33 8.33 0.12497 2.22 0.665 1.2 
R1 2.5           
R2 2.5           
Carrier 4.98 11.64 0.13121 2.32 0.665 1.2 
R1 3.33           
R2 3.33           
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Appendix 3 FIA dual detection system 
Linear relationship of peak current (μA) versus concentration (mM) of phosphorus species 
Orthophosphate inorganic phosphonate 
C / mM Current / ?A C / mM Current / ?A 
0 0 0 0 
0.08 3.06 0.08 4.38 
0.24 8.04 0.24 7.09 
0.4 14.6 0.4 11.14 
0.6 22.8 0.6 17.7 
0.8 30.8 0.8 23.77 
 
Data for mixture calibration curve obtained with 2 mM and 15 mM-Mo(VI), with 0.2 mM, 
orthophosphate and inorganic phosphonates 
 Absorbance 
concentration / mM 15mM-Mo(VI)-Pi 2mM-Mo(VI)-Pi 15mM-Mo(VI)-Phi 
0 0 0 0 
0.1 0.271 0.1 0.07 
0.2 0.405 0.146 0.16 
0.3 0.64 0.327 0.27 
0.4 0.76 0.418 0.35 
0.5 0.879 0.511 0.44 
0.6 1.068 0.638 0.51 
FIA Data used calibration curve for spectrophotometric determination phosphonate and 
orthophosphate. 
  Phosphonate   Phosphate   
C 
/ m
M
 
AB
S 
a
ve
ra
ge
 
Av
er
a
ge
 / 
10
00
 
AB
S 
a
ve
ra
ge
 
a
ve
ra
ge
 / 
10
00
 
0 0 0 0 0 0 0 0 0 0 0 
0.1 195 168 208 190 0.19 53 54 50 52 0.05 
0.2 340 318 348 335 0.34 106 99 110 105 0.11 
0.3 472 444 435 450 0.45 161 155 165 160 0.16 
0.4 573 604 587 588 0.59 190 185 199 191 0.19 
0.5 700 694 688 694 0.69 220 214 227 220 0.22 
0.6 800 792 805 799 0.8 241 245 240 242 0.24 
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FIA Data used calibration curve for electrochemical analysis determination phosphonate and 
orthophosphate. 
Phosphonate Phosphate 
[C]/mM Signal/mV     Average/mV Signal/mV     Average/mV 
0 0.07 0.07 0.07 0.07 0.07 0.07 0.07 0.07 
0.1 0.14 0.14 14 0.01 0.28 0.28 0.26 0.27 
0.2 0.23 0.23 0.23 0.23 0.39 0.43 0.45 0.42 
0.3 0.32 0.32 0.33 0.32 0.63 0.61 0.67 0.64 
0.4 0.43 0.43 0.42 0.42 0.76 0.72 0.8 0.76 
0.5 0.49 0.48 0.5 0.49 0.96 0.83 0.85 0.88 
0.6 0.57 0.58 0.59 0.58 1.04 1.06 1.1 1.07 
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Appendix 4 FIA ECL detection system data  
 Calibration data for AMPA analysis with Ru(bpy)32+ 
AMPA 
[C] / uM signal / mV average 
0 1.97 1.97 1.84 1.93 
10 2 2 2 2 
20 2.19 2.16 2.25 2.2 
30 2.25 2.47 3.06 2.59 
40 2.5 2.41 2.5 2.47 
50 2.84 2.66 2.66 2.72 
60 12.06 12.16 16.47 12.56 
70 16.78 16.25 16.06 16.36 
80 19.94 19.28 19.06 19.43 
90 29.84 28.56 27.81 28.74 
 
Calibration data for glyphosate analysis with Ru(Phen)32+ 
Glyphosate Ru(phen)32+ Average
[C] / uM Signal / mV 
0 1.31 1.13 1.31 1.25 
10 20.1 22.01 21.65 21.26 
20 31.84 33.94 32.41 32.73 
30 50.41 49.88 54.41 51.57 
40 74.47 68.41 65.19 69.35 
50 86.3 80.5 79.4 82.07 
60 106.31 101.03 86.16 97.83 
70 121.33 118.32 111.21 116.95 
80 132.24 128.06 125.25 128.52 
90 139.94 135.64 131.86 135.81 
100 152.93 151.75 148.56 151.08 
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Calibration data for glyphosate analysis with Ru(bpy)32+ 
Glyphosate Ru(bpy)32+ 
[C] / uM Signal (mV) Average / mV 
0 1.47 1.44 1.41 1.44 
10 9.69 9.41 3.38 7.49 
20 18.56 18.16 17.5 18.07 
30 26.78 26.13 25.94 26.28 
40 38.25 34 34.09 35.45 
50 44.72 43 43.09 43.6 
60 59.44 58.47 56.72 58.21 
70 69.53 66.22 64 66.58 
80 78.56 76.16 74.53 76.42 
90 86.47 85.1 83.44 85 
100 111.72 108 99.34 106.35 
  
 
Calibration data for glyphosate-salt analysis with Ru(bpy)32+ 
Glyphosate -salt Ru(bpy)32+ 
[C] / uM Signal (mV) Average /mV 
0 1.97 1.69 1.72 1.79 
10 36.56 35.34 34.28 35.4 
20 65 62 60.69 62.56 
30 86.03 81 80.34 82.46 
40 101.19 92.97 86.97 93.71 
50 110.63 104.44 102.5 105.85 
60 109.78 102.22 106.25 106.08 
70 140.09 133.16 131.22 134.82 
80 153.19 149.81 151 151.33 
90 160.88 154.28 143.47 152.88 
 
 
